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ⅠN T R O D U C TⅠO N
Pr otein bio synthe sis, a vital pro c es sfor all living o rgamim s, is ge n e r ally
kn ow n a s c o nsistlng Of thr ee steps, peptide chain Initia tio n, Elongation and
Ter min ation . Polypeptide chain elo ngatio nistermin ated whe nri bo s o m e ra che sthe e nd
ofope n re adingfra m e. ln the Ter min ation stepin proka ryote, the stop c odo n(U A A,
U A Go rU G A)is re c ognized byc odo n-spe cific cla ss1rele a sefa ctorR f lo rR F2(1)in
the ri bo s o m al A-site(the siteforin c oming amin o a cyトtR N A), resultinghydrolysis of
peptidyl-tR N Asitu ated in theP-site(the siteforpeptidyl-tR N Aaftertranslocatio n)and
rele a se of the nasc e ntpolypeptide fro m the ribo s o m e【fo r revie w s, s e e(2,3)】. The
hydr olysis of theP-siteboundpeptidyl-tR N Aw o uldr es ultin aP/E-sitehybri d bindng
state
,
in whichthe a c cept orC C A 3
'
e nd oftR N Am ove sintotheE-site(the sitefo r exit)
of SOSsubu nit while the anti-c odo nregio n staysin thePISite of 30Ssubtmit(4-6). T he
ribo s o me bound RF lor RF2is then re moved fro m the ribo s o m eby class2 rele as e
fa ctor RF3(7,8). Thisle ave sthepost-termin ation comple x consistingof the ri bo s om e,
de a cylated(unesteri fled)tRN A and mR N A. The co mplex is the n disassembled by
ri bos o me re cyclingfactor[R RF, origin allycalled ribo s o me
”
rele asing
” facto r(9)]and
elo ngationfa ctorG(EF- G)(10,I1), and the c o mpo nentsare recycled forthe nextrou nd
of tra nslation initiation (Fig. 1). The Re cycling step (disase mbly of the po st-
te r min atio nc omplex andre cyclingoftheri bo so m efo rthe n ext tr anslatio n)isthe actu al
fin al(fo u rth)stepofproteinbio synthe sis[fo r revie w s, se e(12･17)].
R RF
,
dis c overed by Hirashim aand Kaji in 1972(10,ll)withtheirpio n ering
studie s o nthebre akdo w n ofpolys o m e(r u n- offofthe ribo so mefrom polysome)(11,18),
is a n es se ntialpr oteinforEscherichia coli(E. c oli)(9). A uprokaryotes ex amineds ofar
ha v efrrge n e s c o°ingforR RF e x c eptforarcha e a. R N ho m ologu eshav e alsobee n
fou nd in e ukaryotic c ells, but allcontain a nN-te min ale xte n sio nforloc aliz atio n a nd
RlnCtion o nlyin the chloroplast or mito chondria(19-21), tho s etra n slatio n system
resembletheprokaryotictr a n slatio n syste m(22). lnE. c oliJrrislo c atedat4 min o nthe
gene m ap, I.I K b do w n strea m oftsfge n ecodingforE F-Ts(23). The E. c olifrrgen e
hasits own stro ng pro m oter a nd the tra n s c npt10 n Starts at58 bp upstrea m of the
translatio ninitiatio n c odo n(24). T ho ughthe pr o m oter region c o ntain scyclic A M P
recepto rprotein b
L
indingsite, the e xpressio n ofRRF is n ot affe cted bythe cyclic AM P
le vel(24). Itis repo rted thatthe expre ssio n of R R F is ele vated in so m epathoge ns upo n
infe ctio n(25,26). E. c oltR RFc o n sits of 185a min o a cids(27)with a m ole c ular m as s
ofappro xim ately20 K Da. The m olar am ou nt of R Rf in E. coltis appro xim atelyo ne-
half thetotal m olar am ou nt of ri bos o me
,
a nd appro xim ately30 %of thetotalc ellular
RRFar edete cted in the ribosom e-botlnd fractio n(28).
ln Chapte r1, I focus attention totheintera ction of R R Fwith ri bo s o me. The
thr e edim e nsionalstru ctures of R R F 丘o m Ther m otoga m a ritim a(T m a ritim a) (29),, E.
coli (3 0), The r m us the r m ophilus (31), Aqu lfe x aeolic us (32) and mbrio
pa raha e m olytic u s(33)ha v ebeens olv ed, a ndthey show ed thatR A F is comprised ofa
long three-helix bu ndle dom ain(do main I)and a thr e -layerβ/dβsand wich do m ain
(do main II). Thes e structu res a re v ery similar to ea ch other exc ept the vario u s
orie ntatio n s oftw odomain s. T he ov erallstru ctu re of RE Fre sembles the L-shaped
st ru ctu re(thedo m ain s1and llc orre spo ndtothe vertic al andthehoriz o ntallines of
”L
”
,
r espe ctively), a nd su rprisinglyits shape and dim ension are alm o stsi mi la rto tho se of
tR N A(29). Basedo nthe structuralsi mi larity,the fun ctio n al mi mic oftR N AbyR R F is
propo sed(29). Theinteractio n of R R Fwithribo s o m e sin c o mpariso nwiththatoftRNA
is e x a min eda nd disc us sedin Chapte r1.
王n Chapte r2, Iaddre ssthe m e cha nis mfordis ass e mblyofthepo st-termin atio n
c o mple x. Regardingthe m e cha nis m,itiskno w nthatthedisa ss e mblyre a ctio n requir es
GTP hydrolysis(I1,34-36)du eto the require m e ntof G-proteinE 打G. E F-Gis afactor
toprom otethetranslo catio nin Elo ngation s tep,in which the A- and P-sitetR N As(pro-
tra n slocation state)m o v eto the P- and E-site s(post-tr an slo c ation state), re spe ctively
[se e(4,37-40)], T he reactio n oftR N Atra n sloc atio nis a c c o mpa nied byG TP hydr olysis･
How ev er, the pr o-s e nc e of a non -hydr olyzable G TPanalog permits the tR N A
tr an sloc atio nby E F- G(4l-44). Rather, non - enz ymatic tR N Atr an slocatio n re a ctio n,
thusinthe abs enc eof EF-ら take splac ethoughslo wly(45,46). In co ntrast,the G TP
hydr olysIS appears tO be esse ntial fo rthe po st- e rmination c omple x dis ass embly
re actio nby R R Fand E F- G(ll,34,36). Sim ultaneo u sprese nc e of R R Fand E 打Gare
r equired forth is re actio n(47)andthe optim ala ctivityo c c u rswhe ntheya repre se ntat a
1:1 ratio(10). ln Chapter2, I ex amin ethe effe cts ofvario usE F- G inl1ibito rs o nth is
rea ctio n andpropo se the m e chanis mfor disassembly of thepo st-termination c o mple x
byR R Fand EF- a
In Chapte r3, thepn m ary role of R Nin vivois addresed･ R R Fstim ulatesin
vitro protein synthesis as much a s se v en-fold(48,49), howe v er, it has n ot be en
establishedthatthepn maryrole of R R Fin viv oisin protein biosynthesis･ Rather, other
in vitroe xpe rim e nts om eho w showedthe stim ulation of R N ApolyrherasebyR RF(50),
sugge stingaPO SSible role of R E F in tr anscrlPtlOn . T he role of R RFin vL
-
vois ex amined
u singatempe rature Sensitive R RFm uta ntin Chapter3.
W he nR R F is abse ntorin activ ated, alm o stallthe upstre a mribo s o m esre m ain o n
the mR N A. Fu rthe r m o re
,
the seribo s o m e s re m aini ng On the mR N Are-initiate
u n scheduledtranslation dow nstre a mfro mthetermination codon(48,51,52). 1n Chapte r
3
,
I follow thein vivo fate of ri bo s ome upon RAF in a ctiv ation a nd dis c u ssho w the
in activation ofR R F le adstotheinhibitio n ofprotein synthesis and theba cterialgrowth.
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bio synthesis c o n sists of fo ur e ss ential steps(I77itialio n, E lo ngatt
'
o n
,
TTe r min at1
'
o n
,
and
Re cyc[jng). In the Te r m 7
'
n alio n step, na s c entpolypeptideis r eleasedfro m the P
- site
bou ndpeptidyl-tR N A,le a vingthepo st-termin atio n c o mplex ofribosom e, de a cylated
tRN Aand mR N A. Thehydr olysis oftheP- sitebound pe ptidyl
-tR N Aw o uldr e sultin
a P/E-site hybrid binding(4,5). In the Re cyc[i77g Step(15,17), the po st-te r min ation
co mplexisdis a ss embled byR R Fand E FI G, a ndthe ribo so meis r e cycledforthe next
hl
l
tt
'
atjof7 Step. Diss o ciation ofthe rele a s
■ed70S ribo s om e byIF3m aybeincludedin
the Re cycling step.
C H A P T E R 1
Bit7dl
.
t lgOfR WtoRiboso mGS, CTomparisoJ2柑EthLR N A
INTR OⅠ) UCTⅠO N
The X-ray c rystalst ru ctu re of T m a ritim aR N hasbe en s olv ed, a nd it w as
show n that RAF s uperimpo ses alm o st perfectly with tR N Aexc ept that the regio n
c orr espo ndingto the a min o a cid･ ac c epto rC C A 3
'
end a ndthe a ntトcodo n regio n Of
tR N Aare missingin R RF(17,29). On theba sis ofthe str uctu ralsimilarityofthe shape
a nd dim e n sio n of R R FandtRNA,it w aspostulated thatR RF mightals omi mictR N A
fun ctio n allyduringdis as se mbly of thepo st-ter minatio n comple x(29). NMR study o n
the structure of R 肝reve aleda n u n u s u al ne xibilityofthe relativepo sition sofdo m ains
ia nd I工(32). On thisbasis,it w a spropo s edthatthisne xibility mightplay animportant
r oleinthe fun ctio n of R RF(32). ln this Chapte r1, because ofthe structu r alsimilarity
of RR fa nd tR N A, I c o mpar ed the bio che mical char acte ristic s of R R F bindngtQ
ri bos o m es with tha oftR N A.
Zntrodudio nto theiR N A bF
.
ndingto ribo so m e
Bec atlSe theinte ractio n s of R RFandtR N Ato ribo so mes w ere studied in this
Chapter1, a briefsu r mary of the studies on tR N A bindngtotheri bos o mepertine nt to
this w orkisgiv enhere. h 1963, tmesterified(dea cylated)tR N Aw asr eportedtobindto
n o n-pr ograrr m ed 70S ribos o m e s, and the binding site w as reportedto be at the 50S
subunitbut n otat the30Ssubu nit(53)･ hthe sam eyea r, bindingofc ognate deacylateq
tR N Ato pr ogram m ed ribo so m e sw asfirst obs e rv ed bytheis olatio nof a c o mple x of
tR N A, synthetichom opolynucle otide and ribo s o m e(54)･ Thepio n e eringstudie sin the
e a rly1960s(54-56)suppo rted and established the fund am entalconceptthatitis tR N A,
not amino a cid, that
-
tran slates” mR N A(57). Under low Mg
2' ion conc e ntratio n,
10
amino acyトtR N A(aa-tR N A)is m o stlybo u ndtotheP-site whileboth the A- a nd P-sites
ofpr ogra mm ed ri bo s om e sw ere oc cupiedathighMg
2＋
c on c e ntration(58).
The30Ssubunit
,
in thepre s e n c e of mR N A, binds cogn ate a a-tR N At othe site
n o wknow n a stheP-site(59,60). On the othe rha nd,the addito n of SOSs ubunit tothe
SOSs ubu nitc re ates ase c o ndsiteforthe c ogn ate a aJR N A bindngn o wkn o w n astheA -
site(61). ln addito ntothe A- a nd P-sites, 70Sribo s o mesha v e athird bindingsite o nly
forde a cylatedtR N Atobe eje cted, c alledtheE-site(62-65).
Binding of initiatortR N Ato ribos o m e shasbee n e xte n siv ely studied(66)･
Inte ra ctio n oftR N A wi th ri bo s o m e sand its ejectio nduringthe elongation cy¢le ha s
be e n studied in detailin vitro[r evie w edirl(67,68)]. X-raycrystallogr aphyofribo s ornes
wi thtR N A(69,70), a n a n alog ofthe a nti- c odo n ste mlo op oftR N A(71)and C C dA-
pho sphat叩 urO myCin(an a n alog of the peptidyltra n sfe ra se rea ctio n substrate) (72)
ha ve been repo rted: Ribo s o me -tR N A inter a ctionshav e als obe e n vistlalized withc ryo
-
electr on (c ryo-E M) mic r o sc opy(73,74). The s e studies revealed that tR N A has
inte ra ctio n s m o stly wi th ribo s o mal R N A(rR N A)ands o me riboso malproteins of both
the30Sand 50Ssubu nitportion s of theA- , P- and E-sites･ T heri bosom e -bound mR N A
thatdire cts the c ognatetR N A bindng w a s sho w ntobe aro undthe ne ck of 30Ss ubu nit
(75 7 7).
ll
R E S U LT S
DeacyLated tR N Ac o mpetitiv e(y inhibits R R Ffo r dis as sctnb[y ofthe m odelpost-
tcr min atL
l
on c otnp[ex, evidencefortheA- sitebinding qfR R F
Bec a us e ofthe str ucturalsi mi larity of R R Fa ndtR N A, 1 first e xamin ed the
pos sibleinhibito ry effe ct ofa mixture of de a cylatedtR N Ao nthe dis a ss e mblyof the
m odel post-te rmin atio n co mple x by R RFa nd E F･G T he m odel substrate is a
pur o mycin-tre ated polys o m ein which the P/E-site of m o st ofthe ri bo s o m e s a re
o ccupied by de a cylated tR N A(4,5,78,79), a nd the A･site is e mpty a sindic ated
previo u sly(iI). The dis assemblyof the m odelpo st-terminatio n c o mplex w as m e asured
by fouo w l ng the incre ase of 70Sribo s o m e sform ed fro m the puro mycin-treated
polys o m e(c o nve rsio n ofpolys o m e sto m onos o m es). As sho wninFig･ 2 A, de a cylated
tR N A inhibitedthe co n versio n ofpolys o mesto m o n o s o m e s c atalyz ed by R R Fand E F-
Gin adose-depe nde nt m an ne r. Fi氏y-perc e ntinhibitio n of R R トdepe nde ntdis as se mbly
w as obs e rv ed in thepre se nc e ofa mixture of de a cylatedtR N Aat a5- to10-foldm olar
exc e s ov erRR F. 1n Fig. 2 B, a Lin ewe a v er-Bu rkplot w asco n stru cted fro m the data
obtained in the presence ofvarious am o unts of R RFa ndtR N A･ ltis clear 舟o m this
flgure thatdeacylatedtR N A is a competitiv einhibitor ofthe R RFr e a ction･ Be c a us e
onlythe A-site of the m odelc o mple xis a vailable forthebinding oftR N A,it appe ars
thatde acylatedtRN Ac o mpetes with R RF fo rbindingtothe A-site o nly･ TheKm valu e
of R RFtothe substrate estim ated fro mFig. 2Bw a s0.32冗 lO
'6 M(n ote:the Km v alu e
w ere v arible
,
and obtain ed lower v alu ein s o me experim e nts). Ifthe initial RR F
binding step is limiting in 血e dis as se mbly reactio n, 也is v alu e repr e sents 也e
dis s ociatio nc o nstantof R RF 丘･o m the A-site. T heKi V alu eof the mixtu reof de acylated
12
tR N Aw a s abo ut3.6 x10
-6 M . The A_site ofe achribos o rn e ofthe m odelsubstr ate u sed
inthis e xperim entcontains various codonsbe c a usethe substrateis made 舟om n atur ally
oc cu rring POlys o m e. T he refore, o nly a fractio n ofthe added tR N A is a n effe ctiv e
co mpetit o rfor e ach A･site. 1tfollowsthe nthatthe effectiv eKi Valu ew ould be - I/40of
this value bec a u s ethere are40 differ entspe cies oftR N A inE. colte xpre ssed(80)fr o m
88tR N Age ne s(http://rna. w ustl.edu/tR N A db). Thus, Iestim ate the KitObe0.9 x 10
-7
M . This v aluefalls withinthe r a nge ofthe reported diss o ciatio n c o n sta nt of de a cylated
tR N A fro mthe A -site ofpr ogr a m m ed ribo s o m es[0.13to7.7 x10
-7 M(62,81,82)】. On
thebasis ofthis res ult
,
Ic o n cludedthat thatthebindingsite Of R RFcoverstheA-site.
R R F bt
'
ndsto ”
-
bo so m et
'
n a ).･)stoichioJndyy, La ckoj
'
mRNAejrect
ln the e xperim e ntshow nin Fig. 3 A, vario us a m ounts of R R Fw er emiⅩedwi th
30S, 5 0Ss ubu nits
l
o r70S ribo s om e s, and the bound RRF w as dete rmin ed. The
diss o ciation c onstant of R RF fro m70S ribo s o mesor50Ssubunits w as estim atedtobe
o.59x 10
-6
M orl.92x 10
-6 M, r e spe ctiv ely(Fig. 3 B). The Kd V alueforthe binding of
R Rfto70Sribo s o m e s m eas nred inthisfashionis ofthesa m e orderofm agnitude asthe
Km valu edetermined in Fig. 2(0.32冗 10
-6
M). 1l ap pears, therefore, thatthe A-site
binding obse rv ed in thepr evious se ctionisthe s am e binding asthatobs erved here･ To
estim ate the number of R Nm olec ule sbo undperri bo so m e, atotalof17m easure me nts,
asdes cri bed in Fig. 3 A, w as perfor m ed at the s atu r atio npolnt, and the v alue of l･Ol
m ole cule sperribo s om e w as obtained withaS･D･ of O･25･ ltisimportant topolnt Out
that n o slgnific antbindingt othe30Ssubunits w as observ ed atlow c oncentr ations of
R RFand o nlyslightbinding w as obse rv ed at the m a xim um c o nc entratio n of R RF(5
pM). He n c e, the binding of R RFto 30Ssubu nits was too low to calculate the
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dis s ociation c onstant. T hisisin c ontra st to the repo rt thatR Rf bindsto3 0Ssubunits as
dete cted bytheB IA C O REte chniqu e(83)I Ir efr ain ed 免
･
o musingthistechniquebe cau se
prelimln ary re sults s ugge stedthat m odific atio n of R R Fofte n changesthebehavio r of
the n ative R R F withr egard toitsinte r actio n withthe ri bo s o me(data no tshow n)･ lt
sho uld be noted inFig･ 3 AthatthebindingofR R Ftoribo s o m e s ortothe30Ssubunits
is notin伽 e nced by poly(U). Thisisin sba叩 COntr a SttO the e飴 ct or mR NA indu cing
c ogn ate tRN A bindingto ribo s o m e(55)orto3 0Ssubu nits(59,60).
Binding ofR R Flo ribo som es unde r v ario u s L
'
onic c o ndl
'
tioflS
Fig･ 4A show s the effe ct of N H4CIco n c e ntratio n o nthe bindingof R RFto
ri bos o m e s. Underthephysiological m o n ovale ntio nc ondito n[150mM N H4Cl(68)i
RE F bindstotheribo s o m e, butthe e xte n t of binding atthesephysiologlCalc o ndito n s
w as30 %of the ma xim u mbinding obs er v ed at30mM N H4Cl･ Thisdata suggeststhe
elec tro staic interactio n sbetw e en the po sitive charge of R R Fand the pho sphate
backbo ne ofrRNA c ould be displa c ed by positive arrm o ni umio n s asi the c ase with
initiatio nfa cto rI(lFl)(84).
po ssible number of io npalrSinvolved in theinte ractio nbet we e nrR N Aand
pr otein c a nbe estim ated 鮎m 也e slope of 血e log【a既nity】/(
-log【m o n o v alentio n
c oncentratio n])plot(85). Itis kno w nthat the value of log[affinty]/(･log【m o n ovale nt
ion concentratio n])is relative to the n umbe r of io n sdisplac ed during the inte raction,
thus, r elativ eto the n umberofthe chargein tera ctio ns(85)･ To e stim atethe n umber of
io npairsbetw eenR 肝 and rR NA,itn e edsto be a ss u m ed that n o a nio n s
aredisplac ed
during theinteractio n(85)I h Fig･ 4 B,1plotted thelog[Kd(RE F)
-1
]/(-log[N H4Cl])c ur v e
from Fig･ 4 A, and the slope of the curv e wasestim atedtoO･82･ Usingthe equ
atio nin
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(85), the n umber of ion pairsbetw een R RFand rR N A is estim atedto 1.0 or 1.3
depe ndingthat o nthe siteintera cted with R R F isin ado uble-(a ste m st ru ct re)orin a
slngle-strand R N A, respe ctively. This number appearstobe relativ elylow ertha ntho s e
did forIFlto3 0Ss ubunit(2.7 o r3.6) (84)orforribo s o malprotein Lllto23 SrR N A
&agm entlO2恥=22(2o r6 fo rdoubled o r single-str a ndr艮N A, respectiv ely)(86).
T he afTlnity of phenylalanyトtR N A(Phe-tR N A) to poly(U)-progra m m ed
ri bos o m es w a s si mi lary sensitiv eto N H4
＋
io n c o nce ntr atio n(Fig. 4A). This datais
c o n site nt with the report that the afTlnities of de acylated tR N A or N-
ac etylphenylalanyl-tR N A(N AG-Phe-tR N A)to ri bos o m e s a rede cre ased byin cre asing
c onc e ntraio n s of N H4Cl(81), 1tha sbeen reported that tR N A hasinter actio n swithn ot
o nlyrR N A but als ori bo so malproteinsinthe A- , P- a nd E-site s(70)･ For e x a mple,in
the トsite
,
a nti-c odo n ste mlo op oftR N A intera cts with argln ln e re sidu e of S9a nd
lysin e-rich region
'
of S13(70). 1t appe a rs thatincrea sing N H4
＋
io n c o n c e ntration
inhibited the tR N A bindngto ribo so m es as are sult of displa c em ent of the ionic
inte ra ctio nbetw e e nthe pho sphate oftR N Aand the po sitiv ely charged side chain of
ri bo s o m alproteins.
As show nin Fig. 5, div ale ntion co n ce ntration also affected thebinding of R RF
tori bo s o m es. T hisisin c o ntrast to the case of IF l, w hich alsocovers the A-site of the
ri bo s o me(87), thatits afrlnityis notaltered byMg
2＋io nco ncentratio n(84). The a氏nity
of RN to the ribo s om e w as decre a s ed atlo w erMg
2十
c o n c entrations･ W he nI
superimpo se this c u rve with tha of N Ac-Phe-tR N A(88)orPhe-tR N A binding(89),itis
clea rthat thes e cu rves a re alm o stidentical. The response of R RF bindng andtRNA
bindingto Mg
2＋
con c entrationisperhapsdueto theinnu enc eofthe Mg
2＋ion o nthe
stru ctu r eof ribo s om es as w as obse rv ed d mingthe reco n stitution of ribo s o mes(90-92)･
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Data pre s e nted he resugges ts that the ribo s o mal stru ctural cha nges byions(93,94)
innuencethebindingofthes etwo m ole c ulesin a similar m anner.
RR Fa t7dtRNA
Phe
s.
'
m ,
'
La r[y competewithN -Ac co,I-phe mylala nyl-IR N AforbL
'
ndingto
theP･sitc ofIW n -PrOgra m med ribo s om cs, evidencefo rR R F bindingtotheP-site
i n e xt addre s s ed whether R RF binds tothe P-site of n o n-pr ogra m m ed
ribo s om es. N AG-PheJtR N A, a n a n alog ofpeptidyトtR N A, is kn ow n tobind alm ost
e xclusiv elytotheP-site ofn o n-program m ed ri bo s o m es(65,95). T hu s, R RF bindngto
the P-site c a nbe e xa mined byfollo wlng Its effect o nthebindingof N AG-Phe-tR N Ato
non -program m ed ribo s o mes (Fig. 6 A). As sho wn in this figu re, R RF inhibited
effe ctivelyN AG-P heJtR N A bindngto no n-progr a m m ed ribo s o m e s･ An
- 10-foldm olar
e x c e ss of R RF inh bited thebindingof N AG-P he-tR N Aalm o st c o mpletely･
ltiskn o wnthatdeacylatedtR N Abindstothe n o n-pr ogra mm ed ri bo s o m al P-
site(62-65). Itfollow s then thattR N Asho uld inhibit the binding of N AG-Phe-tR N A
(65). As show nin Fig. 6 A, thisis exactly the c as e. A strikingfinding w asthat the
inhibition of N AG-P he-tR N A bindingbytRN A
Phc
w asalm ostidentic alto thatbyR R E
As sho wn in Fig. 6 Band C, the binding of N AG-Phe-tR N Ato poly(U)-
prograrrm ed ribo s o m e s or the binding ofN-formyl- m ethionyl-tR N A(fMet-tR N A)to
A U G U U U-progr a m med ribo s o mes w as not affe cted bythepre s e n ce of R RF･ Thedata
presented in Fig･ 6Band C,indicatethatR R F does notc o mpete with cogn atepeptidyl
-
tR N A fo rthe P/P-site w he n added alo ne. Thisisimportantbecau se other wise R R F
w o uld inte rfere with the n o rm al elo ngation step u nderphysiologi cal co nditio ns･ It
should be noted that, with the no rm alelo ngatio npro c ess, theP/P-siteis alw ays under
theinnue nce ofr nR N A tha strengthe nsthebindingoftR N Aorpeptidyl-tR N A･ Based
16
on the resultshow nhe re,Is ugge stthatR R Fcover stheP- site.
1 further ex a min edthebindingof R R Ftothe E-site. ln Fig. 7, the binding of
de acylated tR N A(tR N A
Phc
)to no 叩 rOgram med ribo s o mes w a s e xamin ed in the
pre sen c eof v ario u s a m o unts of R RF. Under the c o ndito n u sed in this e xperim e nt
[10mM Mg(O Ac)2, 25mM K Cl, n opolyamin e],de a cylatedtR N A
Phcis known tob ind
to theP- a nd E-(E2-)sites ofn o n-pr ogr a m m ed ri bo s o m e s(63-65,68). Assho wninthis
figure, R N inhibitedthebindingoftRN A
Phc
o nlyabo ut50 % butn everlOO% eve nwi th
a40-foldm olare x c e s s of R AF. 1tsho uld bepointedout thatthe af{1 nityoftR N Ato n o n-
progra rr m ed E- and P･site sis approximatelythe same[se eFig･ 3 ofrefT･(64);s ee ref･
(65)]. On theba sis ofthedataindicatingR R F bindngtothe A/P-site(descri bed abo ve)
a nd the datain Fig. 7, ic o n cludethatR RF doe s n otbindtothe E-site ･ Altholユghthe
ribo s o m eis s atu r ated wi thR N A inthis experim ent, the similar afrlnityoftR N Atoboth
theE_ and P_sit 由 m akesthe c o n clu sion thatR RF does n otbindto the E- site viable ev e n
if theri bos o meis nots aturated withtR N A.
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Ba s ed o nthe re s ults sho wnin this s ection,工propo sethatsingle R 氏f bindsto
theribo s o m e at the A/P-site. I firstdis c u s sthe e vide n c e sugge stlngthat thebindingsite
of R RFcove rs atlea st a portio n ofthe A -site. T he m odels ubstratethatispre s u m ably
similar to the n atu ral s ubstrate of R R F has a n e mpty A-site a nd P/E-site sthat ar e
o c cupied with de a cylatedtR N A(4,5,78,79). T he o nlya v ailable tR N A･bindingsiteisthe
A -site. On the basis of the C o mpetitiv eihhibition ofthe R RFre a c tio nbyde acylated
tR N A(Fig. 2),itis s ugge sted that theinitial bindingsite of R Nco v erstheA-site･ This
isco n sitent withearlier repo rtsthatR RFc o mpe te s with R Fl fortheri bo s o me(96)and
thatR RFre actio nisirdlibited bytetracyclin ethoughw e akly(47). The Km value of R N
to theribos o me calc ulated 丘･o mthedata w a s0.32x10
-6 M ･ T his value agre e swi ththe
v alueIc alc ulated･fro mthe kineticdata obtained byothe rlabor atorie s【0.37x lO
‾6 M,
s e eFig･ 2Aandthelege nd where the autho rs me asu redthe rate of ri bos o me re cycling
with various R R Fc o nce ntratio n s(49)]. T heKm value obtain ed in Fig･ 2 is simila rtothe
dis s o ciatio n c o n stant of R RF fto mthe non -prograrrun ed ribo s o m e(0.59Ⅹ10
-6
” , Fig.
3). It sho uld be noted thatthe afrlnity ofcognate a a-tR NjVelo ngatio nfacto rTu (EF-
Tu)/G TPto the A-siteis m u ch str o nger[10
11 M
-I
(81)], thereforeR E Fw ouldnot
interfere with the initial binding of cognate aa-tR N A 血ring no r malphysiologic al
protein chain elo ngatio n･
I n e xtdisc u ssevide nce thatthe riboso m e-bo und R RFo c cupleSthe P- site as
w ella sthe A-site･ The re a retw o e xpe rim e ntale videncesthatsuggestthatR N bindsto
the p-site. First, RRF inhibited the binding of N AG-Phe-tR N Ato the P
-site of no n-
pr ogra m m ed ri bosom es･ Sec ond, the m ode ofinhibition of N AG-Phe
-tR N A bind ngto
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theP-sitebyR RF is denticaltothatbytR N A. Be c ausetR N AandNAG-Phe-tR N Aare
kn ow ntobindtotheP-site underthesecondit o n s,Iinte rpretthese tw o obs e rv atio n sas
a strongindication that the ribo some-bound R R Fcovers the P-site. An important
co n clu sion fro m Fig. 6 is thatthe afrl nity of R RFto the P-siteisidentic altothat of
tR N Ato non -program m ed ribo som e s[lessthan 10
5 M
-1
at10mM Mg
2＋
(81)]. Thisis
abo ut1/100of the affintycalculated fro mthedata obtain ed fr o mFig. 3A. lnfact,the
afTlnityofcogn ate N-blo cked aa-tR N Atothe mR N A-codedP/トsiteis s ostrong[l･l 汰
109M
-1
(81)】thatR涙∬witha w e akafTlnitytotheP-site w o uldnotdisplac eit(Fig. 6 B).
This s ugge sts that thepo rtio n of R R Fthatis re spo n sibleforthebindingtothe んsite
plays the m a)or r oleintheintera ctio n with theri bo s o m e. 1t m aythereforebepossible
that
,
u nder c e rtain circu m stan c e s
,
R A Fm ay o nlybindtothe A-site.
T he intera ctio n of R R Fto both the A - a nd P-sites o nce pro mpted m e t o
consider the po s
.
ibilitythat tw o R R Fs might bindto o n eribos o m e, ho w e v e r, the
m a ximu m nu mberof RE F bo undto theri bo s o m e showed aI:Istoichio m etry. Thus, the
ribo s om e-bound R 氏fobserved in this studyis c ov e n ng boththe A - and P･sites
sim ultane ously. h s upportofthis, rec e nthydroxylradicalprobingof thepo sition of the
bo und R R F indic ates that the ri bo s om e-bo und R A F indeed c oversboth the A- and P-
sites of ribo s o mes(6). In c on clu sio n, in the first step of disasse mbly of the po st-
termination comple x, RR f bindsto the positio ncov enngboththe A
- andP-site sof
ribo so me.
Co mpa riso n withtR N A bitzdt
'
ng
Becau se of the structu ral similarities of R RFand tR N A, co mparis on of
bio che mic al cha ra cteristic sof theirbinding t oriboso m eis discus sed here･ First, the
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respo nse ofthebindingof R A Fa ndthe ribo s o m altR N A bindngtoio nic co ndito n sare
simila r(Figs. 4Aa nd 5). Anotherstrikingsimilarity betw e en tR N Aand R A F istheir
bindingtori bos o mal s ubunits. R RF binds tothe SOSsubu nit withthe dis s o ciatio n
co n stant of I.9 x 10
-6 M (Fig. 3). Si mi larly, e arly w orkshow edthatde acylatedtR N A
bindsto the50Ss ubu nit(53), Onthe otherharld, R A F do e s n ot appreciablybindto the
30S subunit(Fig. 3). Likewis e, tR N A does n ot m ake stable c o mple x with the n o n-
pr ogra m r ned 3 0S s ubu nit(53,59,60). Howe v e r, the SOSs ubu nit m u st c o ntribute
s o m eho w to the binding of R RFtothe non-prograrr m ed 70S ribo s o m ebe cau s ethe
afrlnitytothe70S ribos om e(Kd0.59 汰10
-6 M
,
Fig. 3)is cle arlyhigherthan that tothe
50Ssubunit. Likewise, the additon ofSOSs ubunitsto theprogr a m m ed 30Ss ubunits
do tlblestheribo som alc apa cityofcognatetR N A bindng(61).
On the other hand, se v e ral important diffe re n c esbet w e en R RFa ndtR N A
bindingto theribo s o m e werefo u ndasdes cribedbelow ･ First, thedatapres e nted inFig･
7 is c o n sistent with the n otio nthat tR N A but n ot R RF binds tothe EISite of n o n-
prograrr med ribo so m es. Althoughthebinding oftRNAtothe n o n-progra mm ed i-siteis
underdispute(62-65), unde rthebuffer c onditio ns used in the experim e ntsho wnin Fig･
7, dea cylatedtRN Am ustbindtothe E2-site(68)･ R R F do e snot appe artobindto the
E2-site.
Se c o nd, the afrlnityof R R Fto non -prograrrm ed andpr ogram m edribos o mes are
alm o stidentic al(Fig. 3 A), whileithasbe en sho wn thatthe affi nityofc ognatetR NAto
ri bo s o m e sisgre atlyincreased bythepres enc e ofmR N A(54)･ 1nFig･ 3 A,Ishow ed that
R R F does no tappre ciablybindto the30Ssub unit ev e nin the pr esen ce ofpoly(U)I h
co ntrast,ithasbe e nde monstrated that tR N Aor a かtR N A bindsto theprograrr med 30 S
s ubunit(59,60). T he la ck of respo nse of R RFto mR N A is co n siste nt wi ththe
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obse rvation that thereis no amino acid in the R R Fstru ctu r e correspondingt o the an ti-
codon region oftR N A(17,29). It als o agre es withthe obse rv ation thatR RFa nd EF-G
dis a ss e mblethe m odelpo st-termin atio n c o mple xregardle ss ofthe codo nin the A-Site
(ll).
Third, the nu mber of RjiFm ole c ule sbo undto e mptyribo s o m e s w a s e stim ated
tobe about oneper ribo s o m e(Fig. 3). Thisisin sha rp c o ntr asttothe binding oftw o
de a cylatedtR N Ato n o n-progr a mmed ribos om es(P･ a nd E-site s). h fact, itis w ell
kn ow nthatthere are3 site sfo r ribos o m altR N A bindng(62-65)while o nlytw o ofthe s e
site s(A- a nd P-sites)ar ea vailable for single R RF binding. Mo stimpo rtantly, while
R R F bindstothe A/P-site,
"de a cylatedtR NA
' '
ne v ertakesthepo sitio n ofthe A/P-site.
DeacylatedtR N A binds t othe E/E- and P/P-sites or P/E-site but notto the A-site of
no n-progr a m med ribo s o m e s(4,5,62-65). The onlytim e tR N Ao ccupiesthe A/P-siteis
afte rthepeptidebo nd isfor m ed(4,5). Therefore, despite stru ctu ralsimilaritie sbetween
R RFandtR N A
,
the m ode of ri bo s o m al bindingof 艮R fm u stbe quite differentfro m
that oftR N A. Inde ed
,
re c e nthydro xyl radic alprobing experim e nt sugge sts that the
m odein which RR F bindstotheA/P-siteisquitediffere ntfrom that oftR N A bindngto
也e Aノ㌘-site(6).
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Fig. 2 De a cylatedtR N Ac o mpetes with R R F fo rthe r elea s e of mR N A fro mthe
m odelpo st-termin atio n c o mple x. T he dis as se mblyof the m odelc o mplex byR R F
and EF-G w as e x amined inthe pre s ence of vario u s am o unts of a
'
mixtu re of
dea cylatedtR N A. (A)E ffe ct of dea cylatedtR N Aon the r e action. The %in cre as eof
70Sribo s o m e sbyRRF[200pm ol(0.73LL M)]and EF-G[1 nm ol(3.6 p M)]in 15
minute s at3 00C w asplotted against the am o un t ofaddedtR N A. (B)Line we a ver-
Bu rk plot ofthe reactio ninhibited by deacylatedtR N A･ Ope n circles, no tRNA
added; closed circles, 2 n m ol(7.3 JI M)tR N A; opensqu a re s, 4 nm ol(14.5 FL M)
tR N A;clo s edsqu a res,5 nm ol(18.2 FLM)tR N A;opentria ngles10 n m ol(36.4 jL M)
tR N A･ KiV alu eofthetR N Amixtu re w as3･6 Ⅹ 10
-6 M ･ Sin cethe A-sitecodon ofeach
m odel po st-termin ation complex contains various codo n s, the real Kt･ v alu e of
r e spe ctiv etR N Aspecieshas t obe theoretically -1/40of the valu e(0.9 x10
-7 M)(see
te xt). K,” v alue of R RF forthe m odelpost-te rmin ation c o mplex w a sO･32 x 10
-6 M ･
Note thatthe K
m
v alu es were v ariable
,
and Iobtained lo w ervalue sin s o me
e xperim ents.
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Fig. 3 Binding of R A Ftothe ribo s o m e.(A)Do se-r espo n s e c u rv e of bindingof
vario u s am ounts of R R Fto 70S ribo s o mes(0,25jLM , circle s),3 0Ss ubtmits(0.25
FI M , tria ngles) or50Ssubunits(0.25ilM , squa re s)in the pre s e nce (closed
symbols)or the abse n ce(open symbols)ofpoly(U)in buffer B D 4(10m M Mg2十).
Note that the effe ct ofpoly(U)on the binding of R 且Fto 50S subu nit was not
exa mined.(B)Sc atchardplot of A. Note thatthepres ence ofpoly(U)didn ot affe ct
to the af{lnityof R R Fto70S ribo s om e.
Note:sin cethe amou ntofbo und RRF was m e asureda洗erisolation oftheR AF-ri bos orne comple x
bythe microc o nte chnique,the dissociation c o nstant c alc ulated here w o uldn otreprese nt thetru e
diss ociatio n c o nsta nt. Ho w ever
,
the diss ociatio n co nstant oftRN A fTr o mthe tR N A-ribosorn e
c omple x m e asured afterisolatio nofthe co mplexw as comparable to the v alue obtain ed witho ut
is olatio n of the co mple x(81), suggestingthatthe valu e obtained in this fashion as show n her e
r epresents avalueproportio nally relatedto thetru ediss ociatio n c o nstanta ndthatthe offrate of
bo und R RFm ustbe m u chslo w erthanthe o nrate. In asi mi一arway, the complex ofa a-tR NA with
the progra m m ed ribos o m e canbe is olated thr oughsu cro segradient(54) orthe milliporeBlter
technique(56).
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Fig. 4 Efre ct of N H4Clo nthe bindingof R R Ftothe ribos o m e s･(A)Bindingof
R RF(I一o JI M)to n o n-prograrr m ed ribo s om e(0･22FLM ,in50J!Lof bvfferB D l, 10
mM Mg
2')and binding of[14c]phe-tR N A(2.7 FL” , 160cpm/pm ol)to poly(U)-
prograrrm ed riboso m es (0.24ELM , 200LLL of buffer B D 2, 20m M Mg
2＋) w e re
e x a min ed in the pres e nce of v arious c on c e ntratio ns of N H4Cl･ T he % bo und R RF
(clo sed circles and s olid lin e)o r% bound[14c]phe-tR N A(ope n cir cle s and da shed
lin e) relative to the valu e at30mM N H4Cl(0･42pm ol of R R For O･21pm ol of
[t4c]phe-tR N AperIpm ol ri boso me) w?re dete min ed andplotted･ (B)To estim ate
thepo ssible n umber ofio nicintera ctio n sIn volv ed in R RF bindingto theribo s om e, the
value oflog[Kd(R R ,)
Ll]w asplottedagainstthe valu eof-log[N H.Cl】･ Theplot w asfitted
tolin e aregre ssionlin e, andthe slope of theflttedlin ew a s0.82.
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Fig･ 5 Effect of Mg
2'io n om thebindingof RRアto ribo s o m es･ Binding of R RF
to non -?r ograrr m ed ri bo s ome sw as e xamin ed(open circles)asin Fig･
4A exc ept
thatvarious C O nCe ntr atio n s of MgS O4 Were added in 50LLL of buffTe rB D3･ h this
buffer, 30m M KCIw aspres entas a m o n ovale ntio n,butn oN H4CIw a spr es e nt･ Data
are e xpres sed as r elative valu e s c o mpared with the binding at20mM Mg
2＋(o･68
pm oI R RFw asbo undper1pm ol of ribo s?m e underthis experim ental c ondito n)
againstthe Mg
2'
c on centration･ This cu rv elSimpo sed on the cu rv e s of thebinding
of N AG-Phe-tR N A(88) (open squa res) or Phe-tR N A(89) (clo s ed cir cle s)to
poly(U)-prograrrm ed ri boso mes･
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Fig･ 6 (A)R A Fa nd dea cylatedtR N Asi mi la ryinhibitN Ac-P he-tR N A binding
totheP-Site ofno n-pr ogr am m ed ribo s o m es. Bindingof N AG-[)4c]phe-tR N A(9.0
〟 M ,80cpm/pm ol)tori bo s o mes(3.0 LLM)w as ex a min ed in thepre se n c e ofvarious
am ou nts ofeithe rR Rf(open circles)orde acylatedtR N A(clo sed circles)in 40LLi
of bufferB D 4(10m M Mg2'). In the absen ce of R R fo rdeacylatedtR N A,0.65pm ol
of N Ac-[14c]phe-tR N AperIpm olof ri bo s o m e w asbo und.(B)La ck ofinhibito ry
effe ct of R A Fon N Ac-T he-tR N Abindingto poly(tJ)-pr ogr a m m ed ribos o m e s･
Bindingof N Ac-[14 C]P he-tR N A(I･OLL M , 160cpm/pm ol)topoly(U)-progr amTed
(0.5 mg/mL) ribos o m e s(0.38 FLM) w a s e x amined in the prese n ce of vano u s
am o un ts of R RF in 40pL of buffe rB D 6(10mM Mg2＋). h the abse n ce of R RF,
0.18pm olofNAc-[)4qphe-tRNAper1pm olof ribo s om e wasbotmd.(C)A bse n c e
of the inhibito ry effe ct of R R Fon n 4et-tR N A binding to A U G U UtI-
pr ogra m m ed ri bo s o m es. Binding of f[35s〕MeトtR N A(3.4 FL M, 1.1 x 104
cpnJpm ol)tori boso m e s(0.21〟 M)w as e x amin ed in thepre s en c eof A U G U U U(64
〃 M) and vario u s am ounts of R R F in 50fLL of buffe rB D7(15m M Mg2
十
). h the
abs ence of R Rf,0.19pm olof叶35s]Met-tR NAper1pm olof ri bo so m e w asbo und.
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Fig. 7 R R F inhibitsbinding of de acylatedtR N Ato D o n-pr ogra m m ed ri bo so m e s
-50 %. Binding of
35s te min ally labeled deacylated tR NA
Phc (2.5 FL M, 140
cpm/pm ol)to n o n-program med ri bos om es(0.25JI M)in 40LLL of bufferB D 5
(10mM Mg2＋) w as e x a min ed in the presenc eofv ario u sam ounts ofRRFandplotted
again stthe ratiosofadded R RFtotR NA
Phc(ope ncircles). In the absenc eof R RF,1･4
pm ol of[35s]tR N A
Phc
pe r1pm ol of ri bo s o me was bo u nd･ Under these conditons,
ribo s o m esw er e s aturated withtR N Aalm o st c ompletely(m oretha n90 %, data not
sho wn). The reas on whytheribo s o m e sdidno tbindtw otR N Asperri bo s o m eisthata
c ertainperc e ntage of ribo s o m e sw a sin a ctive with respect totR N A bindngbutfu lly
a ctiveforR R F binding.
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IN T R O D U C TIO N
Tbe po sトte min ation ribos o m al c o mple x dis a ssembly requlreS the
sim ulta n eouspres enc eofR R Fa nd E F- G(47), a nd G T P ishydrolyzed duringthis step
(11,34,35)I Optim al activityfb∫the dis as se mblyo c curs whe nthey are pres ent ata 1:1
r atio(10). T he s e c o n clu sio n swerem o stly deriv ed fro m e xperim e nts using a m odel
posトter mination co mplex, puro mycin-treatedpolys o me. ln this system , the release of
ri bo some fro m mR N Aw as m e as u r ed by follo w ingthe conv ersion ofpolys om e to
m o n o som e(70S ribosom e)･ The c onclusions obtain ed withthis m odelpo st- erminatio n
c o mplex were c onfTlrm edbya syste m with a natu raltermination co mple xfor m ed atthe
a mbe r codo n situatedat the seve nthc odon ofthe co atcistro n ofphageR 17(34).
T he three dim en sionalstructures of R N havebe e n s olv ed(29-33)and it w as
show nthat the overallstructu re of R RF is smilarto thatoftR N A･ Thebinding po sition
of R RFov e rlaps with the A - and P-site tRN As(6,97), tho ugh the orientation of
ri bo som e-bou nd R RFrevealed byhydro xyl radicalprobingdiffersfr o many of tho se
pre vio u slyobse rved fortR N A(6)･ Asdes cribed in Chapte r1,itappearsthatthebinding
of RR Ftoth ispo sitionisthefirstStep Of disassemblyof thepo st-te r mination co mplex.
ln th is Chapter 2, I e xamined the effects of v ariou sEF-G inhibitors o n the
r ele a se oftR N Aand mR N A 丘om the modelpo stJ ermin atio nc omple xbyR R Fand EF-
G;a ndaddr es ed how the c omplexisdisassem bled afte rtheinitial bindingof R R F.
Znlr'odLLCtion to m ode sofa ction ofa min og[yco st
'
de s
ln this Chapte r 2, amin oglyc oside antibiotics are utilized as tR N A-
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tra nslocation inhibito rs･ Since targets ofamin oglyco sides on the protein synthesis are
kn ow n to be multiple, a brief introdu ction to the protein synthe sis inhibitio nby
a minoglycosidesisglV e nher e.
A min oglyc osides are kno wn to bindt othe A-site regio n Of ri bosome. Fo r
exa mple, nu cleotidesin the A-site reglOn Of 16SrR N A, such a sA 790, G791, A 909,
A1394
,
G 1405
,
A 1408, A1413, G1487, G1491, A 1492, A 1493, G 1494, U 1495wer e
sho wn to interact with amin oglyco side s by chemic al fo otprinting (98), X･r ay
crystallography(99) and N M Rstudie s(loo-104). T hu s, o ne might think that the
bindingofa a-tR N Ato theA-siteisinterfe red bya minoglyc o sides. Indeed, str eptomycin
inhibits the binding of phe nylalanyl-tR NA (The-tR N A) to poly(U)-prograrrm ed
ri bo s o m e(105,106). iha ve als o obs erved appro xim ately40% inhibitio n of P he-tR N A
bindingtopoly(U)-program m ed ri bo s o m eby paro m o mycin(one ofthe n eo mycin･class
a minoglyc o sides)at200い.M(butthe significa ntinhibition wa s n ot obse rv ed le s stha n
lO
‾5 M conc e ntratio n) (data notshow n). Ho w e ver,itiskn ow nthat the effects ofother
amin oglyco sides, s ucha sn eomycin, genta micin(ge nt amicinis a mixture ofge nt amicin
C l
,
Cla and C2
,
and they share allthe structu re exc eptdiffe re nt m ethylation patte ms)
and kanamyQin(kan amycin sha res the c om m on structu reof rings and theirlinkage s
withge nta micinbutnot s o me chemicalgro ups)o nthebindingofaa-tR N Ato theA-site
of ri boso mesa re v aried by the c onditio ns(107,108). CabaAa s etal. observed inhibitory
effe cts ofne omycin, kan amyc ln a ndgen tamicin C1o nen zymaticbinding of P he-tRN A
to theA-site of ri bo s o me u singthe mixture of Phe-tR N Aand dea cylatedtR N A
Phc
(108).
How e v er
,
theyreportedthattheinhibitory effe cts w ere disappea red whenpu rified Phe-
tR N Aw as u s ed inste ad of the mixtu re of P he-tR N Aand de a cylatedtR N A
Phc
(108).
Li kewise
,
Ha u sner et al. als oobserved theinhibitory effe cts of neo mycln, kanamyc ln
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a ndge ntamicin o nthe A-site oc cupatio n ofaminoa cyトtR N A(107). But theinhibito ry
effe ctsw ereonly on thebindingduringthefirst elongation cycle(the substrateisthe
c o mplex with initiatortR N A is n theP-site andthe A- and E-sites are e mpty)but not
duringthe second and late r elo ngation cycle(the s ubstrateis the c o mple x with the
pe ptidyトtR N Aand deacylatedtR N A inthe P- and E-sites, re spe ctively, andthe empty
A -site)(107)･ Rather,ithasbe en show n that aminoglyc o side sw eake nthediss ociatio n
rate ofc ogn ate a nd n e ar-c ogn ate a -tR NA fro mtheA･site(109,110), thusthe afrlnityof
a a-tR N Aw ould be strengthe ned byaminoglyc o side a ntibiotic s.
ln c o ntra sttothe v ario u s effects ofaminoglyc o side s o nthe a a-tRNA binding,
their eHects o nthe tr a n slatio n al fldelity(Ill-113)are clear. M isin c orporation of a a-
tR N A by amin oglyc osides such a s streptomycin (105,111, 13), paro momycin,
n eo mycin, ge nt amicin and ka namycin(112)w ereobse rv edatlo w co n ce ntratio n(10
16
1o
10
-5 M)(112). 1tiskn o w nthatthere ar em ainlytw o stepsto select the c ognate aa -tR N A
in the ri bo s o m e
,
the blitial sele ctio n(in cludinginitial binding of a a-tR N A/EF- Tu
tern ary c o mplex and c odon rec ognitio n) and thepflOOfre ading[r eje ctio nofne a r- (and
no n-)c ogn ate a a-tR N A from the A-site] [n ote that the c omplete steps(67)for the
dis crimin ation ofc ogn ate, nea r-cognate and non -c ogn ate a a-tR N Ac o nsist of i)initial
binding(dis crimin ation of non -c ognate), ii) codo n recognition (n ear-cogn ate), iii)
G TPa se a ctivatio n
, GT P hydr olysis (n ear- and no n-c ogn ate) and G TP- G D P
co nform atio nalchange of E F-Tu,iv)a a-tRN Aacc orrm odation(n ear-c ogn ate), peptide
bo u nd for m atio n anddiss o ciation of EF-Tu, v)r ejection of aa-tR N A(n ear- cognate)
(114-117), a nd probably vi) eje ction of n ear- a nd n on - c ogn ate peptidyl-tR N A
(ribo s o m alediting)(118-121)]. Since a min oglycosides m akeitslo w e rto diss o ciatethe
n ea r- c ognate a a-tR NA from the A -site(109,I10), they c a use thefailure oithe reje ction
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ofn ear -c ogn ate a a-tR N Aand hold it n the A-site(67).
The binding of a a-tR N Atothe A-siteis follow ed by peptidyltr a nsfera nd
tra n slocatio n･ Tra n slo c atio nis the stepto mov e A-site(A/P- site hybri dstate)bo u nd
peptidyl-tR N Ato the P-site(P/P-site)byE F- α He nc e, it appe arsthatthe ac c elerated
holding oftR N A in theA-sitebya min oglyco side c ause stheinhibitio n oftra n slo catio n.
Theinhibition oftRN Atran slocation byamin oglyc o sidesha sbe en reported andstudied
indetail(106-108,122).
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R E S U L TS
Rele ase of n
'
bo so Jn e-bo u nd LE N A bythe cotlCerted a ctio n OfR W arzd E F- a o rby
E F- G alo n e
As show ninFig･ 8A,Iexaminedthedo s e-depe nde ntrele as e oftR N A byR R F.
1tis clear fro m this figure thatthe relea se oftR N Ato ok pla ce in a n R RF dose-
depe ndent m anner･ Mo reimpo rtantly, RR Fa nd E F- G released alloftheboundtR N A
duringthedis a ss e mblyre actio n･ W henthe c o mplex w asin cubated with 1･5トLM of R R F
a nd O･5pM
､
of E F-q alm o st alloftheri bo s o m e-bo u nd de acylatedtRNA w ere released
in 15minutes･ Mo st ofthe ribo some sin n atu r ally occur n ng polyso m eisolated fr o m
gr o wingE･ colt areknow ntohav epeptidyl-tR N A intheP-site andthe A-siteis e mpty
(I1,78,79)･ D uring prepar ation ofpolys om e,tetracyclineispr esentin the c rude e xtr a ct
to en sure thatthe A-siteis e mpty. h fa ct, pur o mycin re m o v ed 100 %of the ribo s o m e-
boundpeptidylgroupfr o mthepolyso me,indicatingthat au ofthepeptidyl-tR N Aw as
in the P-site. ln otherw ords, allof the ri bo som es we rein thepost-tr an slo c ation st ate
withtheA -site empty. Fr om Fig. 8 A,Ic onclude thatR R Fa ndEF-G rele asetheP/E-site
boundtRNA･ Thisfigu re alsoshow s anothe rimpo rtantpointthat R RFalon edo es n ot
rele as etR N A.
Assho wn in TableI, the rele ase of dea cylatedtR N A fro mthe m odelc o mplex
byR 且Fa nd EF- Gtookplac ewith G M P P C P(a non -hydrolyz able G TPanalog)alm o st
as w ellas with GTP. This is understa ndable be cau s e a slng e r o und oftR N A
tra nslo cation by EF- G oc c u rs e v enin the presenc e of G M PP C P(41-44) andthis will
pe rmitthe releas e oftR N A by a single rou nd oftranslo cation of R R F(see belo w).
AlthoughGM P CPiskno wn a sa tran slo c ation inhibitorbe cau seitfix es E F- G on the
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ri bo so me(123),this action willriotinnuenc ethe release oftR N A byR R Fthatin v olv e s
a single ro u nd oftra nslocatio n. ln co ntra st, a s show nin thistable, G DP didnotrelease
tR N A. G o p is reported notto prom ote n orm altra n sloc atio n(4 ト44), tho ughco mplete
tr a n slocatio n
,
albeit slowly, w a s obseⅣ ed with G npunder certain condito ns(42). In
this c o ntext
,
the dat a sho wnin Table I is c o n sistent withthe n otion that R RF is
translocated byE F- G andrele as e stheribo s o me-bo undtR N A bythis m ove m e nt.
Fig. 8 Bsho w sthat tR N A is rele a sedpartiallyinthe pres en ce of E 打Galo n e.
Sin ce the rele ase of mR N A
,
m e a sured by the co n v ersio n of puro mycin-tr e ated
polys o m eto m o n os o me, does n ot takeplace with E F- G alo ne(47), thedatapre se nted in
thisfigure show sthatthe r ele ase oftR N A duringthedisa ssemblyrea ctio nis n ot tightly
coupled with the r ele ase of mR N A fr o mthe ribo s o m e･ Mo reimporta ntly,it sho w sthat
the pn m ary fun ction of R R Fand E F- G in the disassembly re a ctio nis the r eleas e of
mRNA, beca us ethe rele ase oftR N A, tho ughitis aprer equisite fo rthe rele a se of
mR N A, canbe a chiev edpartiallybyEF-G witho utR RF･
EHe cL ofE F- G L
'
nhibito rTS O n the r ele a s e oftR N A, e vide n c efo r atra n slo catio n-like
m o v e ment of兄尺ダ
Early studie s(4 ト45,124-133)established that the rele a se oftR N Afrom the
ribo s om eis anindication of thetra nsloc ation oftR N A, T he tr anslocation of ribo s ome-
bou ndtR N A by E F- G (134-13 6) ca nbe dete cted by measming the rele as e of the
ribo s o me -bou nd dea cylatedtR N A[e.g. the transloc atio n has been mea sur ed by the
r ele as e oftR N APhc from the poly(U)-dir e cted ribos om al c omplex withtw odeacylated
tR N APhcin the A- and P- sites(124,125), the release of de a cylated〔
3
H]tR NAfto mthe
poly(U)-dir e cted ribo s om alc o mplex with[
3H]tR N A
Phc
(in theP-site)and N Ac[
H
c]phe-
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[
12
c]phe-tR N A
Phc
(inthe んsite) (126), the r elea se oftR N Af
Mctfrom the phage Qβ
m R N A-dir ected ribo s o m al co mple x withtR N Af
Mct
(inthe P-site)a nd〔
12
c]fMeトAla-
tR N AAla(in the A- site) (127,128), the rel ase oftR N A
Phc fr om the poly(U)-directed
ribo s o m alco mple xwithtR N A
Phc
(intheP-site)and N Ac[
14c]phe-[
t4
c]p he-tR N A
Phc
(in
the A-site) (41,129), the releas e of[
3H]tR N A
Phc fro mthe c o mple x of ribo s o m e, the
cellulo s e-boundpoly(U),[
3H]tR N A
Phc
(inthe P-site)andpoly(【14c]p he)-tR N AP
hc
(in
the A-site) (43),the rele as e oftR N AT
Mctfro m the co mple x ofribo s om e, A U G U U Uo r
A U G U U U U U Ua sthe te mplate, de acylatedtR N Af
Mct
(in the P-site) a nd de a cylated
tR N APhc (in the A-site) (44,130,131), and the rele a se of[
14c]tR N Af
Mct fro m the
co mple x of riboso m e, M FT- mR N A(e nc odingshort
… M F T” O R E),【
14c]tR N Af
Mct
(in the
p-site) and fMeト[
3H]Phe-tR N A
Pbc
(in the A -site) (42,13 2,133)]. As sho wn belo w, the
releas e oftR N A byR RFa nd E F-
LG has e v erycharacteristic e xpected ofthe conc eptthat
R RF is tran slo cよted intheribo s o m ebyEF-a
Thio str epto niskn o wntopr e v e nt tra n slocatio noftR N A byEF
- G(42,107,137)･
lt w as reportedthat G T P hydrolysisisinhibited byth is antibio
.
tic(138)by pre v enting
the binding of EF- G/G TPto the ribos om e(139). ln c ontrast, a r e c e nt report sugge sts
thatitactually permitsthebindingof E F- G and G TP hydr olysisbutinhibitsthe release
ofprodu ced in organicpho sphate and hencetr an slocation(137)･ T hu s, o ne c an obtain a
ribos o malc o mple x with EF- G in the pre-tr anslo c ation statefix ed bythiostrepton(79)･
As show nin Fig･ 9A, thio strepton inhibited the release oftR N A fro m the post-
ter mina:tion c o mplex byR RFand EF- a Appro xim ately90トIM of th iostreptoninhibited
thetR N Arele as eabout50 %(Fig. 9 AandTableII).
Ⅵ o mycinis als okn ow n topre v e nt tra n slo c atio n oftR N A(107,140), but血e
G T P hydrolysisis notinhibited bythis antibiotic(42)･ Like thiostr epto n, vio mycin als o
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inhibitedthe r ele as eoftRN Aby R R Fand EF- G (Fig. 9A). T he conc entration of
vio mycinfo r5 0 %inhibition w as estim atedtobe appro xim ately60トLM(TableⅠⅠ).
Fu sidic acid
,
a neffe ctiveinhibitor ofthe elo ngatio n step(141, 42),iskn ow n
toinhibit n eitherhydrolysis ofEF- G bound GTP(143)nor tran slocation ofa a-tRN Aby
E 打G(41). How e v er, afterthehydrolysis andthetran slocation, the rele a se of EF-G is
inhibited by this antibiotic (143). Therefore, it permits a single r o und of tR N A
tran sloc atio nbutpre ve nts m ultiple ro u nds. Asshow nin Fig. 9 A, rele as e ofribo so ne-
bound tR N A by R R Fand E 打Gto okplace even withhighco n c e ntr atio n s of fusidic
acid. Thisis whatone w ouldexpe ct thehypothesisthatthe release oftR N A byR RFand
EF- Gisdu eto aslngle round ofatranslo c ation-like m ove m e ntof R R F byEF- G o nthe
ri bo s om e .
Asshow nin thepre c edings ection, a slgniflC ant am 0 unt OftR N Awas r ele as ed
in thepresen c eofEF- G alone . Fig. 9Bsho w sthat thisr ele ase oftR N A byE F- G alo n e
w as equ ally s e n sitive to the tra nslo c atio ninhibitor thio strepto n･ Anotherinhibito r,
vio mycin, w a s als oinhibitoryto this rel a se oftR N A by EF- G (data n ot show n)I
The refore, the rele ase oftR N Aobs e rv ed in Fig. 8B and Fig. 9 Bc anbe regarded as a
r esult of thetr anslocatio nofm R N Ao nthe ribos o me. 1tshould be mentioned here agaln
thatthe m odelpo s トte rmination co mplex used he reha stheP/i-site oc c upiedtR N A but
the A-siteis empty. Thedataprese nted in Fig. SBand Fi苦一 9 B, the refore, establishes an
important n e wc oncept thatE F- G c anrele a se theP/E-sitetorP- and/orE- site(s)】bo und
de a cylatedtR N A fr o mtheribo so m e e v e nifthe A-siteis e mpty･ Thisisin sharp c o ntrast
to the w ell- ac c epted con c eptthatthe A-siteha stobefilled withtR N A forthe r ele ase of
ribo s o m e-bo u nd tRN A by EFI G [the A-site is o cupied by de acylated tR N A
(43,44,106,124,125), by a a-tR N A(130,13 1) or by peptidyl-tR N A(4 1,42,126-
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128,132,133)].
Amitzog[ycosL
-
doslnhibL
'
t tR N Arelea s ejTrom the m odcZposトte rm t
'
17ation complex
lthas be e nshow n that strepto mycln, On e Of the a minoglyc o sides, inhibits
tra nslo c ation(106-108,122). Itha sals obeen show ntoinhibitdisas semblyofthe m odel
po sトtermination co mplex as m e asured bythe release of ribo s o me fro m mR N A(47).
Streptomycin cau ses misre adingduringtran shtion(II1, 13). The misre adingcau s ed by
amin oglyco side sis at the step of binding of a a-tR N Ato the program med ribo s o m e
(105)du etothedecre a sed dis s o ciation r ate oftR N A 舟o mthe A-site(109,Ilo).
Asshow nin Fig. 9 C, 50 % inhibition ofthe r elease oftR N A byR R Fand E F- G
w as obse rv ed inthepr esen c e of 2pM ofge nt amicin o rllトLM ofparo m o mycln. Itis
n oted that str epto mycin W aS the w e akest of a11 the se aminoglyc osides tested
(appro xim ately70けM w a s r equir ed for50 % inhibitio n)andthis c ompare s wellwith the
equ ally w eak inhibitory effe ct o nthe releas e of mRN A fo und in early work(47) (see
TableII)･ T hese r esults also sugge st thatduring the dis ass e m91y of the m odelpo sト
termin ation co mplex, a translo cation -like m ov em ent of R RFo c cu rs on the ribo som e,
re s ultingintherelease oftR N A 丘o mtheribo s o me.
EHe ctofE F- G imhz
'
bL
'
toflS On the r elease oftnRNAJTro m yiboso m es
lnthis s e ctio n
,
Isho wthe effect ofv ario u sconc entr atio ns ofinhibito rs o nthe
r elea se of mR N A. T heimportant con clusion derived 舟o mthis s eries of e xperim ents
show nin Fig. 10 isthatthe rele ase oftR N A is aprerequisiteforthe release of mR N A
thatis the majorfun ctio n of R EF. As sho wnin Fig. 10A, fusidic acidand GMPP C P,
which didn otinflue n ce the release oftR N A(see Fig. 9Aand Tablei),inhibited the
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release of mR N A fro m the ribo s o m e. Sincebothof the seinhibitors a rekn o w ntofixE F-
G on the ribos om e
,
these data strongly s uggestthatthe rele ase of EF- G fro mthe
ri bo so m eis required forthe rele as e ofmR N A byR RFa nd E F- G.
As show nin Fig. lo ba nd C, the tra n slo catio ninhibitors thio strepton and
vio mycl n als oinhibitedthe rele a se of mR N A. Con c entratio ns ofthio strepton and
vio mycln r equiredto glVe 50 % inhibitio n of mR N Arelease w e restim a ted to be
appro xim ately12.5けM and 25.0トLM , respe ctiv ely. T hisisle sstha nthos e required fo r
theinhibitio n oftR N Arele a se(s u mm ariz ed in TableI1). TableIⅠsho ws clearlythat,
withoutany excepti o n, C O n Centrations requiredtoinhibit tR N Arelease are higherthan
tho s e tha tinl1ibitmR N Arelease . T hese res ults show thatthe rele as eoftRN Aappe arsto
be an e cessa rybut nota s櫛cie nt c o ndito nfo rthe releas e ofmRNA. T he extre mele氏
pa n el o nthefirst ro w of Fig. 10Aandthe e xtremeleftpanelofFig･ 10 Ce stablish that
neither RA Fn o r･ E FI G alo ne rele a se mR N A fr o m the post-ter min ation c omple x,
re spectiv ely. hl the se condpanel(丘om thele氏)o nthe {1rStrow Of Fig･ 10 Aand in the
sec ondpan el(fro mthele氏)ofFig･ 10 C, v erylittleifany ribo s o mal s ubunits w ere
obse rv ed･ Thesepan els show thatdisa ss e mblyis co mplete, yetthereis n ope ak atthe
po sition whe rethe subunits are sedimented(s e ethe rightpa nel o n the se c ond row of
Fig. 10A fo rthepo sitio ns ofsubu nits)･ Thispoint w as furthe rstre ngthe ned in the n ext
experim entsho wnin Fig. 10 D.
h Fig･ Io n,theide ntic al experim ents asFigs10Aand Bw er eperfor m ed but
the c e ntri fugatio ntim e w asincrea sedto e nsu re that the re w ere no slgnific ant am ounts
ofsubunits pres ent afte rthe R RFre a ction (leftp anel)･ Fu rthe rmore, whe nlF3w as
added t o the R RFre a ction mixtu re, m ost of the r ele ased 70S ribo so mes were
diss ociated into their sub units(rightpanel). 1 c o n clude thatin this syste m the major
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produ cts,ifn ot all, ofthe R RFre actio nar ein theform of 70S ribo s o m e sthat can be
diss ociated intotheir subunitsbylF3. 1tappears therefore thatthe
"
r ecycled ribo s o m e
”
is dis so ciated bylF3 into subu nits, which a rereadyto engagein a new r o u nd of
tra n slation a s s ugge sted in a n early w ork(144).
EHectofa minogZycosidcs on the r ele ase ofmR N AjTrom riboson2 eS
Fig. loxsho ws the effe ct ofv ario us co n c e ntratio n s ofamin oglyc osides o nthe
release of m R N A 舟o mthe m odelposHe r mination c o mplex. . Asshow nihthisfigure, all
aminoglycoside stested show ed inl1ibitory effects on the release of mR N A fro m the
ribo so m e. Sin c eallofthe minhibittra n slo c atio n,thesedata,together withtheir effecto n
the release oftR N A
,
further s uppo rt the notion thatR N istranslo c ated o nthe post-
te rmin atio n c o mple xbyE F- G･ Ge nta micinis an effe ctiveinhibitor of this re actio nwith
50 % inhibition
'
at appro xim ately O･5 pM ･ This is c o mpar able butlessthan the
conc e ntration requir ed for50 % inhibitio n oftR N Ar elease(2けM)(Fig･ 10Cand Table
II). Like wise, the eHectiveness of par o m o mycin o nthe relea se oftR N A(50 %
inhibitio n a tllpM)w as similarbutle ssthan that o nthe rele ase of mR N A(50 %
inhibitio nat1pM). Thesedata ar ec o n sitent with the c o n c eptthatthe release oftR NA
prec edes the r ele a se of mR N A in the disasse mbly ofthe modelpost
-termination
c o mple x･ ltis noted in TableIIand Fig･ 10 E tha other aminoglyco sides, tobr amycln,
kan amycln, G 148and n eomyc ln are all inhibito ryto the rele ase of m R N A, s upportlng
the n otio nthata minoglycosidesin gen e ralar einhibito ryto the a ctio n of R R Fand EF- a
This res ultsupportsfurtherthe n otio nthatthedisa semblyc atalyzed byR A F in volve s a
tra n slo c atio n-like m ove m e n tof R A F.
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DIS C U SSIO N
ln this Chapte r 2, I examined the effe cts of v arious inhibitors on the
dis as semblyofthepo sトter min atio n c o mplexbyR R Fa nd E F-G to revealthe m olecular
pro c e ss ofthedis as sernblyre action . Ba sed o nthe sedata, 1propo se thepossible actio n
of R A F forthedis as se mblyofatypicalpo st-termin ation c omple xas show nin Fig･ Ill
ln the first step(step A), 艮RF bindsto the A/P-site ofthe po st- ermin atio n
c omple x a sdiscus sed in Chapter 1, h support of this c o nc ept, the R RF re actio nis
inhibited
,
tho ughw e akly, bytetra cyclin e, an A-site specificinhibito r(47). In addito n,
R N c o mpetes withthe peptide rel as efa cto r, whichpr esu m ablybindstothe A-site
(96).
Next(step B),Ipr opose thatR R Fgoesthrougha
"
translo catio n-1ike” m otio n
throughthehelpof EF- G; resultingin the relea se ofde acylatedtR N A bo und attheP/E-
site s. Data c o n siste n t withthe n otio nthatR R F istr an slo c ated o nthe ribo s o m e are s
follow s.(i)Rele ase ofm R N A fio mthe m odelpo st-terminationco mple xis accompanied
bythe rele a se oftR N A(Fig. S and Fig. 9). 1trhasbe e n establishedthat tr ansloc atio n c a n
be obse rved byfollowingthe relea se oftR N A fr o mthe ribosom e(4 ト45,124-133).(ii)
Dis as se mblyofthe modelpo st-te rmination co mple xtakespla c eonly whentw ofa ctors,
EF-G and R R F, areprese ntsim ultane ously(47).(ii)1nhibito rs oftran slocatio nsu ch as
thio strept o n, vio mycin and aminoglyco sidesinhibit the relea se oftR N A(Fig･ 9 and
Table II) and the release of mR N A(Fig. 10 and Table II)･ (iv)Fu sidic a cidor
G M PP CP
,
do notinhibitthe relea se oftR N A(Fig. 9 A andTablei)while theyinhibit
the rele ase of mR N A(Fig. 10 A). Thisisbe ca us efusidic acidand G M P P C Pallow fo r
4 0
o n e ro und oftra n sloc atio n(41-44). M ultiple ro u nds oftra nslo c atio n areinhibited by
these age nts(4l,42,124,126)be cau setheyFIXE F- G ontheribo s om e(123,143).
The relea seoftR N Amusttake pla c epriortO the rele ase of mR N A forthre e
reas ons. First, EF-G alo ne c a u sedpartialrelea se oftR N A(Fig. 8B)while the r ele ase of
mR N A from the ri bo s o meis strictlydependent o nthepre se n ce ofbothEF-G and R RF
(Fig. 10). Se c ondly, everyinhibitorthatinhibitsthe release oftRN Aals oinhibitsthe
relea se of m R N Aat similarbutlo w e r c o n c e ntratio n s(TableII). Thirdly, n oi 血ibito r
w asfoundthatstopstR N Arele a sebutdo e snotstop mR N Arele ase.
Thelast step ofthedisas semblyisthe rele ase ofmR N Aas sho w ninFig. ll. I
propo se that EF- G m u stbe relea sed 舟o mthe ribo s o me for the r ele as e of mRNAto
o c c ur. I arriv e at this c onclu sion bec ausefusidic acidand G M PP C P, which inhibit the
rele ase of EF- G fr o mthe ribo s o m e
,
inhibittherele a s e ofmR N A(Fig. 1 0A). hthislast
step, o rinthe e arlier
"
tr an sloc atio n-liken step, m o v e m e ntofdom ainIrelativ etodomain
llof R Nm aytakeplace. The relative m ov eme ntof do mainsI and IIof R RFw a sfirst
suggested bythe obse rv atio nthatthe corlta Ctare a Of dom ainsl and IIis u n usu ally s m au
(29). T his notio n w as supported bydete rmination of the s olution structu reof R R F by
NM R(32)as wella sstructu ral determin atio n ofotherR R F(30,3 1)･ Itispo ssiblethat a
spe cific interactio n of RRF with EF- G (145,146) m ay ca use this intra- m olec ula r
m ov em ent, r esultingin the release oftR N A, R RFand mR N A fr o mthe riboso me･ The
release of R RF 丘o mribo s o m ebyEF- G has r ec entlybee nstudied, and itis sugg甲ted
thatthetran slo c atio n-like move mentof R 氏f byEF- G fro mitsinitial highafrlnityAノP
bindingsiteto a n e wlow e rafrlnityloc ation that clashes withthe P/E-sitebo undtR N A
re sultsthe release of R RF from theri bos o me(147). ItappearsthatR R F is releasedprior
tothe release of E FI G a nd mR N A from the ribo som e, becausethe rele ase of R RF 丘o m
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the ribo s om e byEF- G takespla ceinthepre s en c eof fusidic acid(147), which fre e ze
EF-G o nribo s o me a鮎 rtranslo c atio n(143)and inhibitthe release of mR N A 丘o mthe
po sトtermin ation c o mplexbyEF- G and R R r(Fig. 10)･ Sin c e mR N A ista cked betw ee n
the subunits(76,77)ar ound the neck ofthe30Ssubunit(75,76), the release of mR N A
m u strequir ethe c o ncertedstructuralchanges oftheri bo so mebyE F- G(135)in additon
tothene xing of thetw odo m ains of R R F.
Sign Ljica m c eofmR N As cqu e n c cin thedisassemb[y ofthepo st-te r min ation c omple x
lshouldpoint o ut that the abov estepsde scribed in Fig. 1lrepr e sentatypical
m ode of disa ss e mbly ofatypic alpost-ter min atio n c o mple x･ The above steps may not
o c c u rwi thc ertain type s of mR N A. On e e x a mple of su ch a n mRN A is the short
synthetic mR N Awitha str o ngShin e- Dalgarn o(S D)seque n c e and ho mopolyn ucleotides
ne ar 也ete min atio ncodon(35). W 池 s u cb an mR N A, ne地 e rtR N An or mR N Aare
r eleas ed fr o mthe ri bo s o m e s. In stead
,
the ribo s o mes aredis s ociated into their s ubu nits
duringthe R R freac tion . h the mR N Au s ed by Karimi et al(1999), the stro ng SD
sequ en ce and ho m opolyme ra re clo se e no ughto thete rmination c odon(76,148)sothat
the ribo s om e of thepo st-te rmin atio n c o mplexisinnuen c ed bythese mRN Asequen ces･
Ipr opo s ethatthes e tw o elem entsin the mR N Ac o nferhighafrlnityto the ribo so m eand
m ake theP-site bo undtR N A difficult to be r ele ased by R RFandEF- G As discussed
abo ve
,
the releas e oftR N A is a n e cess ary requlre m ent for the relea se of mR N A･
Ther efo re
,
u nde rthese unusu alconditio ns, m R N AandtR N Arem ain o ntheribos o me.
T he re are s e v eral observatio ns that supportthe notion thatho m opolymersin
the mR N Am ake the affintyofthe mR N Ato the ri bosom e u n us u allyhigh. Firstly,itis
w ell know n that one does not n eed any soluble fa cto rsto synthe size polypeptide sin
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vitro underthe dir ec tion of ho mopolymer s(46,149)whilefact ors are nec ess aryfo rthe
binding ofn atural mR N Ato the ribo s om e･ Se condly, as show nin Fig8B, EF-G alone
releases appro xim ately 50 %ofthe bo u ndtR N A fro m the m odelpo st-termination
c o mple x, which has dea cylated tR N Aat the P/E-site but n otR N Aat the A-site
(ll,78,79). In co ntra st to thes e natu ral mR N A, the release oftR N A byEF･ G fro mthe
hom opolymer ribo s o m alc o mple x withde a cylatedtR N A isdepe nde nt o nthepre s e n c e
of an A -site bo u ndtR N A(43,44,124,13 0,13 1). Thirdly, the ribo so m e c a n slide alo ng
n atural mR N Ain vivofor asfar as45nu cleotides without making polypeptides(Table5
of(51)). No s uch sliding hasbe en repo rted withanin vitro syste m using synthetic
ho mopolymers. Fo urthly, R A Fa nd EF-G do not release de a cylatedtRNA 舟o m the
complex of hom opolyme r, the ri bo s o me a nd tR N A(Kiel, M .C. and Kaji, A.,
unpublished obse rvation).
Theinl1ibitory effe ct ofS Dsequ e n ce o nthe ribo so m e sliding ap pears m u ch
cle ar. Be cau seS D isthe sequ e n c ethatisde signedtobindto the ribo s o me. In s upportof
the notion thatthe S Dsequence m akesitha rderfortheribosom eto slide along mR NA,
I m ention here tw o obs e rv ation s. Firstly, the
"
in vivo sliding of the ribo s om e
”
m e ntio ned abov eis effectiv elystopped bythe pr esen c e ofaS Dsequen c eand a nA U G
【Fig. 7 of(51)]. Se c ondly, the r ele ase oftR N A by EF-G 鉦o m the n atu ral imit atio n
c omplex witha strong S Dsequ encerequire stR N Aon the A-site(127)･ T hisisin
co ntra sttotheE F- G depe ndentrele ase oftR NA fro mthepu ro mycln-tr eatedpolys o甲e
ha vingthe A-site e mpty(Fig. SB). h othe r words, mR N Aof the naturally o ccu rring
polyso m e r epr ese nts an a verage typic al mR N Athatis easie rto be moved by E F- G
without an A-sitebou ndtR N A. This new co nceptthat the conditons required for the
m o v e ment ofthe ri bo so me-bou nd mR N AortR N A byE F- G ar edepe nde nt on mR N A
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sequen c eis ofge n er al importancefor u nde rstandingtheribo s om eslippage obs e rvedin
vivo(51). Isho uldemphasize, howe v er, thatthefu n ction of E F- G rem ains the s am e
duringthe slippage ofthe ri bo so me;itis stillan e n zymeprom oting
”
tr an slocation” of
the ribo s om ebo u nd mR N A.
Regardingthe subu nitdis s ociatio nduringthe disassembly re a ctio n, I fo c u s
attentio n on thefact that R RF ha s a signific ant afFlnitytothe 50Ssubunit(Fig. 3in
Chapte r1)[the s a me o rde r ofm agnitude asthatoftR N Ato n o n-progra m med ribo s o me
(81)]. 1tappearsthat thehighafTlnityof R RFto one side(50S)w o uldres ultin subunit
dis s ociatio ndudngthe actio n of R R Fand E F- Gto theribos o m ewhenthe other s ubunit
(30S)has str o ngafrlnityto mR N A.
Anothere x a mple ofthe ca se wherethe schem e sho wninFig･ llm ayn otapply
isthe tln u S ualsitu atio n wherethetermin ation c odo nis shared withtheinitiatio n c odo n
as U A A U G One s uch e x ample is the behavior of the ribo s o mein tran slating R N A
phage G Acoat and lysis protein ge n es･ In this system, the upstr eam ribo s o me is
responsible e x clusiv elyforthetranslatio nofthedo wn stre amO RF(1ysisge ne)･ De spite
thefactthat75 %of the upstr e amri bo s o meis released atthisjunction,in a ctivatio nof
R R F didn ot ch ange the am o unt of ribosom e rele ased fro m thisju n ction･ Yet, R RF is
es se ntial for c orre ctinitiation &o mthe A U Gcodon(150). A similarsituation may e xist
athejunctio nbetw e entryptophan synthetaseA a nd B(151)･
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Release oftR NA by various co n centr ations of R R F in thepresen ce(ope ncircles)or
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co n c e ntr atio n s of EF- G alone. The perc entage tR N Areleas erelative tothe total
n umbe rof deacylatedtR N As bo undto the m odelpostJter mination co mplex(I,838
cp甲, m e a s ur ed bythe amin o acylation with[
14c]amino acids mix tu re) w as plo触d
againstthe am ountofadded R RF(A)orEF- G(B)･
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Table ‡･ Requlrem ent Of G T Por GTPa nalogfor the
rele ase oftR N A 舟o mthe m odelpo st-ter minatio n c o mple x
byR RFand EF- G
Nu cleotides [I4c]A A-tR N Amixform eda)
(cpm)
GTP
G D P
G M PP C
No nucleo tide s
TotaltR N Ab)
1859.5土132.0
330.2土22.2
1846.6土315.
310.8 土141.9
1756.0 土113.0
a) Rele as e of tR N A 丘o m the m odel post-ter min ation
co mplex (1.5 A260 units)by R R F(l･5LLM) and E F- G(0･5
pM)w as e xa min ed asin Fig･ 8 A, ex cept thatO･4 mM G TP,
G D P
,
G M PP Cor no nu cleotide w as used･ The a v erage 土
SE Mar e sho w n.
b) Total tR N Aw a s obtain ed by incubating the model
co mple xin theprese n c eof 18･7 mM E D T Aa sdescribed in
Materials a nd Methods.
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Fig･ 10 Effe cts ofa ntibiotics on the rele a se of mR N A fr o m riboso m eby R A F
a nd E F- G. (A) Effects of fusidic a cid, G M PP C P(E F- G rele as einhibitors) and
thio strepto n･ T he rele a se of ribo s o me fr o mthe m odelsubstrate w as e xamined by
me as uring the co n v ersio n of pu ro m cyin-tre ated polys om e(ma rked by Poly)to
m o n o s o me(m a rkedasMono)asde s cribed in Materials a nd Methods e xcept that760
pm olof R R Fa ndEF- G, a nd 3･2 A260 units ofpolys o m es w e re u sed･ The riboso m e
sedim e ntatio n pattem w a s a n alyz ed by 15-30 % s ucro se de n sity gradie nt
ultr ac entri fugation(S W 50.l,40,000rpm ,75min ute s)･ Fra ctio n s w eretake nfro mthe
bottom ofthetube a nd the A260 W a s m e a S ured･ Sedime ntatio nisfio mlefttoright･
T hefirsta ndse c o ndpa n elfr o mthele氏 onthefirstro w sho wthe c o ntr ol(minusEF-
G)and complete reactio n miⅩture, re spe ctiv ely･ Notethatin the c o ntrol, the m ajor
portion ofthe ribos o mes werepolys om e, whilethe c o mplete miⅩtu re show ed thatthe
polys o mes w ere co n ve rtedtothe m o n o s o me. The effe ctof3 70jl M GMPP CP(third
pa n el fro m thele氏 o nthefirstrow),200LLM fusidic a cid(fou rthpanel, firstrow)
and 20LLM thio str epton(fifthpanel, firstrow)are sho wn･ lnthe experim ent wher e
the effectof G M P PC Pw astested, G TPw as o mitted. T hepositions of70S riboso mes
(1e氏pan el o nthe seco nd r o w) and s ubu nits(rightpa nel o nthe se c o nd ro w) w ere
deter mined bys edim entation ofw ashed ribo s o m e(2.0 A260units)eitherinbufferR
orin buffer R cQntaining8 mM E D T A, respectiv ely･ Notethat thebackgr o und le v el
of these pan els w as co mpletelyflat, indic ating thatthe polys o m es observedin the
first, third, fo urth and fi 蝕panels of the first row were slgnific antly abov ethe
backgro und･(B)Effe ct ofthio strepton･ Effe ctofvTio u s am o u nts of thio s
trepto n?n
the releas e of mR N A &o mthe m odelpo st-te rminatio n C OmPle x was ex a mineda sln
(A).(C)Effect ofv ario u sc oncentration of vio mycin･ Experim e n talc ondit ons w ere
the s ame as (A) except that A254 W as mea Stn ed co ntin uously by IS C O U A-6
spe ctrophoto m eter. Sedim e ntation w asfrom leftto right･(D)A bs en ce ofri bos om e
subunitfo rmduringthe R R Fre a ction(effe ct of lF3)I Lefttr a c e:theヲxpe中･e ntal
?ondit o n sw e reide ntic alto tho s
e of(C)e xcept thatthe ultra c entri fugat10ntlm eW as
Incre asedto 240 minute s･ Right trace:the sam eastheleftp anelexceptthat100LLg
oflF3w as added duringthe rea ction.(E)Effe ctofa min oglyc oside s･ T he c o ndit on s
w er ethe s am e as(B)except that an IS C O U A-6 spectrophoto m eter w as u sed･
Ge nt amicin (ope n cir cles), tobra mycin (clos ed tria ngle s), G 418(ope n squ ares),
paro m o mycin (clo sed cir cles), n eo mycin(ope n tria ngle s) and kanamycin(clo sed
squ ares) w ere tested. In (B) and (E), 88 % of polysom es w ere c o n v ertedto
m on os o m eby RR F and EF-G witho utinl1ibito r, a nd this v alu e was set as lOO %
CO nV erSIOn .
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TableII･ Comparis o n ofc oncentrations ofinhibitors required fo r50 %
inhibition ofthe release oftR N Aand mR N A fro m the modelpo sh
te min ation co mple xbyR R fa nd E 打G
Co n c e ntr atio n required fb∫50 %inhibition or
1Ⅰ山ibitors tR N Ar eleas e mR N Arele as e
T bio strepto n
Vio myc ln
Pa rom o mycln
Ge nt amicin
Strepto mycln
Tobramyclq
Neomycm
G 418
Kan amycl n
Fu sidic acid
92 3いM
58 3トIM
ll.4トIM
2.1いM
68.5トIM
Not tested
Not tested
Not te sted
Nottested
12.5pM
25.0ljM
1.2トIM
0.5いM
25.0LJM
a)
3.プトIM
1.7トIM
63.0uM
20.4トIM
No slgniflCantinhibitio n lO･OuM
a)
a)Thes ev alue s w ereestim ated 丘o mHirashim a and Kaji(1973).
51
Po st-te r7Ttin ato I
Co mple ェ
A
5
'
U _ 3
-
てl
芸
'
G
G
&
G
p
T
c
P
p,
ゝ5亡 3' 5'→
EFIG I GDP
R RF
しヽ ,os ｡ bs . m e
(F p A二
I._壬左･_､すニモ I
U A A_ 3
毒こ
･
_4 ら
T-
e
&ted
(:F;
G
'
G
-
D…,
T
5 忘
エ 幽 F usidic a cid
地 ⊆由 G M P P C P
AB]iA9giys9Sia塁
3
'
Fig･ ll Model fo rdis a se mbly orthe post-termiJ] a(io n c o mple xby E F- G and
R R F.(A)R R Fbindstothe A n-site ofthe po st-te rminatio n c o mple x. E F- G bindsto
thefa cto r-binding siteL(B)Translo c ated-like m o v e ment of R R F by EFIGtake spla c e,
re sultingin the rele as eofthe P侶 - sitetR N A 斤o m the c o mple x. T his step IS S ensitive
to thio str epton, viomycin a ndamin oglyc oside s.(C)Next stepisthe rele a s e of(R R F
and) EFI G. It ap pear sthat, befo re E F- G rele a s e, R R F is rele a s ed &o m the po st-
translo c atepo sitio n(14 7). E F- G rele a s eisinhibitedby fusidic a cida nd GM P PCP.(D)
La ststepisthe r ele a s e of mR N A &o mthe riboso m e.
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EHcc tofR R F in a ctiv ationir2Viv o
Fate ofribos o m es after u n s cheduledtra n slatio ndow n strea mofope n r eadingfra m e
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ⅠN T R O D U C TⅠO N
R RF
,
e n c oded byfrr ge n e, is an es se ntialprotein fo r E･ c olt(9), a nd all
prokaryote s e xamined s ofarha v efr r genes･ Ov er fl氏y lethal m utations, tw elve
temperatur e-sensitiv e m utatio n s, their re verta nts, a nd suppre ss or mutations of E･ c olt
R E F ha v ebe e nis olated(51,15 2). R RFstim ulatesin vitro protein synthesis as m u ch as
seve n-fold(48,96). It als o stim ulates R N Apolymerasein vitro, suggesting a po s sible
r ole of R R F in transcription(50)･
h E. c oli,it w a s sho w nthattheinactivatio nof R R F duringthe growing Phase
c auses abacterio static effe ct, whileduringthelagphas eit c aus e s abactericidal effe ct
(51). W hen R RF is absent orin activ ated, alm ostall the upstre am riboso m es re main o n
the mR N A. T hese ribo s o m es re maln lng On the mR N Are-initiate u n scheduled
tr an slation dow nstream from thete rmin atio n c odo n(48,51,52). Thus,
”
unscheduled
”
polypeptide sarepr odu c edbythese ribo s o mes･ Under the se c onditons, ribos o me sc an
slide o n mR N Aup to 45nu cleotides dow nstream befo rebegir m lng u nSCheduled
tran slation･ Ribos o malsliding lS effe ctiv elystopped byinitiation slgnals with a Shine
Dalga mo(SD)s equence(51). A dditio n ally, when atermin ation codonis o verlapped by
aninitiation c odon of an othe rope n r e adingf一a me(e･g･ UA A U G), the c o rr e ct re ading ofI
theinitiatio ncodo nisdepe nde nton theprese nce of R A F(150)･
hthisChapter3,Iestablishedthatthepn m aryrole of R R Fin viv oisinde ed in
protein synthesis rathe rthanin transc npt10 n･ Fu rthe rmo re,I follo w edthein viv ofate of
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ri bo s om e upo nR R F in activ ation andaddres sed how thein activ atio n of R RF leadstothe
rapidc es satio n ofpr otein synthe sis･ Ne wpossible role of RR f for relie vlngthe stalled
ribo s o m alc omplexin r elationtotmR N A functio nis alsodiscussed･
Introductio ntotra ns m
'
ption s 血 ulatio nbyR R F
lnthis Chapter3, I firsta skedthepn m aryr ole of R EFin vivo, becauseithas
been reportedthat R RFstim ulates not o nlythetranslation(7,50,52,153)but also the
tran s cription(50)in vitro. A briefintr odu ctio nto thetra n scriptio n stim ulationbyRRF
obse rved byKu ng etal. isgive nhere.
Kung et al. r epo rted that R R Fstim ulates3･83
-fold in vitroβ-galacto sidase
synthesis u singtheirtra ns criptio n-tran slation c oupledsystem(Lh80dlacp
s
c1 857t68w as
the template rnR N A) (50)I W hen they m eas u red [
)4c]Leucine and [
3H]U TP
in c orporatio nin th is
･
system , theyobse rv ed 2155
-foldand 1･60-foldstim ulatio nbyR RF,
re spectively, suggestingthatR AFstim ulate sboth the tr an slatio nandtran s crlPtlO n･ Sinc e
thetran sc nptlO n Stimulatio nmightbe the s e co ndary effect ofthetran slation stim ulation
by R R F, they then
h
u nc oupled
n the co upled-syste m, a nd the effects of R RF on
tran slation andtr a nscriptio n were e x aminedindependently[effect on the tr an s criptio n
w as m e as ured duringthe first6 minde sincubationin the absence ofamino a cids and
tR N A
,
a ndthaton thetr an slation w as m e astlred bythefurtherin cubatio nfo r60minutes
in the presence of amino a cids andtR N A･ A tr an s c nptlOn inhibitor, rifampICln, W as
addedto e nsu rethat tr anscriptio ndo e s n ot take plac eduringthe se cond in cubation･]
using this unc oupled syste m, they obs e rved l･75
- o r l･42-foldstim ulation of
tran scription ortr anslation byR N, respe ctiv ely(the o v er allstim ulation w as3I17-fold)･
Fu rtherm ore, they n oted the obs e rv ation that R A Fstimulates2
-foldon simplified
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tr an sc nption system u slng Purified R N Apolymerase and cyclic A M Prec eptorpr otein
(C R P)(50). T houghthe effe ct w as obse rv edonlyinthepresenc eof C RP(50),theirdata
indic ate thatR R Fstim ulate sthe tr an s criptio n. It has be en show n that E F- Tu als o
stim ulate str ans criptio n ofrR N A(154). T he stimulation byEF- Tu wa s obs e rved o nly
belo w at3 4Oc a nd in the pre s e nce of O･0ト0･1 M K Cl(154)〔note:the transcriptio n
from r rnPlpr om oteriskn o wntobehighlysensitiveto the saltc ondit o n(155)]･ Since
E トTubindsto the C-ter minalregio n oftheβsubunitof R N Apolymera se(15 6-158),it
appe arsthatEF- Tudire ctlystim ulatesthetr an s criptio n ofrR N A･
Introdu ctiontotm R N Aandpeptidc-taggmgy e a cb
'
ott
●
A briefintr odu ctio nto tran sfe ト m e SS e ngerR N A[tmR N A, ssrA orlOSaR N A,
found byRay and Apirio n(159)] and thepeptide taggingre actio naregiv e nhere. W he n
the ribos o m e ac cidentally re a che sthe 3
'
end of mR N A in pr okaryote (e･g･ ifthe
tru nc ated mR N Ala ckingthe C-te rminal reglO nin cludingthetermin atio n c odo nisthe
te mplate,theribo s om e r eachesthe3
'
e nd), the tram s-tran slation r ea ctio n(orr eferreda s
thepeptide-tagging reaction)is trigge redto r es ctletO the stalled ri bo s o me atthe3
'
end
(160-164). In th is reaction, alanylated-tm R N A(165)binds to the stal1ed ribo s o me
(166,167),perhapstogether with SmpB(168)and E F-Tu(169,170), the n, theribos o me
transfe rs thete mplate from thetrun c ated mR N AtotmR N A･ E･ c olt tmR N Ahasshort
O RFof 10c odo n s(the su rv ey ofavailabletmR N Asequ en c es show thatthe.
siz esof the
shortO RF isbetw e en 9-27c odonsdepe nding on the species), thusthe C-terminale nd
of the n as c e nt in co mplete polypeptide is tagged by ll
-r esiedu e peptide
(A A N D E N Y A L A A) (160,171, 72). The short tagis recognized by protease sand the
tagged in c omplete polypeptideis degr aded(160,173,174), s othe a cu mulatio n of the
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tru ncated polypeptidesis pre v ented･ The ri bo som al complex with t mR N A has been
vis ualized bycryo-E M micro scopy(I75). Fu rtherm ore, re centsttldies s ugge stthatthe
peptide-taggl ngbytmR N Ao c c urs not only at the 3
'
e nd of mR N A but als oin the
middle of m R N A. Whenribo s o mespau se on mR N Aeitherin the middle of an O RF(at
a rare c odo nlike A G A)or atc ertainter min atio n c odo n s,the stalled ri bos o mebe c o m e s
theta rgetofthe pe ptidかtaggingbytmRN A(I76-179)･
AlthoughtmR N A is n ote ss e ntial in E･ colt(180)itha sbe enrepo rtedthatthe
tmR N A deletio nm ut a ntha sgro wth defe cts(165,180). O ha nd Apirion report ed thatthe
disruptio n of ssrA ge n e(ge ne c odingfor tmRNA)in E･ coli strain J C7623 ha s a
signific antdefe ct on c ellgrowth at allthe temperatures(180). Ko mine et all reported
thatssrA deletion m utatio nin W 3 I10str ain show sthelo ss ofgrowthc apabilityat45
oC
and the m otilityw as reduc edat37
0c on se mis olidaga r(165)･ 1tals oha sbe en reported
in vivo that tmRN Ais required fo rthegrowth･of 九im m
P22hybridphage(181)･
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EHec t ofin vivo L
'
n a ctiv ation of 脚 on m a c r o mlecule synthest
'
s
lthasbe en sho w nthatR AFstim ulatesin vitroproteinbio synthesis(50,52,153)
orin vitro oligopeptide synthe sis(7)fo ur- to seve n-fold･ How ever, ithas notbe e n
establishedthattheprl mary role of R RF in v voisinpr oteinbio synthe sis･
To establishthat thepn mary role of R RF in vvoisinde ed inpr otein synthesis,I
utilized an E. colttemperatur e sensitiv eR RF(tsR R F)m uta nt, LJ14(51), and studied
in c o rpor ation of m ethio nine into pr otein at the permissiv e and n o叩 ermissiv e
temperatu re s. T he ts- m utantLJ14, thathas a single amin oa cidsubstitution(Val l17
Asp)in R RF, show sgro wth defectat42
oC but n ot at28-30Oc(51)･ As show nin Fig･
12, m ethio nin einco rpor atio ninto pr otein in LJ14w asr apidlyinhibited a触r the
te mperature w as shifted up to the no n
-pe missive temperature (42
o
C), while the
inco rporation in the wild-type strain (M C IO61) was slightly ac c el rated(Fig･ 12B)･
This establishesthatR R Fplays a c ru cialroleinproteinbiosynthesisin vivo･
In vie w ofthe reportthatR R Fstim ulates R N Apolymerase(50)it was esential
tocompare the results obtain ed in Fig･ 12 A with the effect of lossof R R Fo nR N A
synthe sis. i ther efore e xamined tr anscriptio n (in corporatio n of[
3H]uri din e) upo n
in activatio n of R R F. As sho w nin Fig･ 12 Cand D, the te mperatu reshifttiptO 42
0
c
caused a rapid inhibitio n of R NAsynthe sisin LJ14 butn otin the wild
-type culture ･ It
appeared ftom thesefigu resthatprotein synthe sisis m orese v erlyinflue nced by
the
lo s s of R R F.
To a n alyze thes edata in detail, the rate s[djcpm)/dt] ofpr otein and R N A
synthesis atno n
-pe missiv e(42
oC)andpe rmisiv etemperatu re(28
oC)w ere calculated
5 8
fro mthedata. Ireas o n edthatlo ss of R RFat42
0
c w ould firstreducethe rate ofprotein
synthesisfollowed bythat of R N Asynthesisifthepn m aryfunctio n of R RF isin protein
bio synthesis. This m ean sthat the r atio[d(cpm)/dt at42
oC / d(cpm)/di at28
0c]is
reduced first withprotein synthesis. Ic alculatedthis ratio andplotted agaln Stthetim e
afterthe te mp?rature shi氏fo rLJ14(Fig･ 13A)a nd M C IO61(Fig･ 13B)･ As show nin
Fig. 13 A,the ratio[d(cpm)/dt at42
0c / d(cpm)/dtat28
oC]fo rprotein synthesis(ope n
circle)rapidly de cre a sed while thatfo rR N Asynthe sis(clo sed circle)sho w ed slight
in cre asefollo w ed by adeclin eupo nin activation of R RF in LJ14･ Thisindic ate sthat
inactivatio n ofR RFprefere ntiallyinl1ibitspr otein bio synthesis･ ltis notedthat,in the
wild-type strain(Fig. 13 B), node cr eas ein the ratio was observed indic atingthatthereis
no slgniflCa nt effect oftemperatu re･ Ic on clude fro mFig･ 13thatthe pn mary r ole of
R RFin vivoisinprotein synthe sis･
I als om easur ed thein vivoinc orporatio n of[
3H]thymidineinto D N A(Fig･ 12E
and F). Tho ughm uch le ssand laterthan theinhibitory effe ct on pr otein and R N A
synthe sis, in activation of R RF inh bited D N Asynthesisin LJ14 but notin wild
-type
cells. Thisis c o n siste nt withthe obse rv atio n thatR R F ina ctiv ation duringthe grow lng
phase c auses abacterio static effe ct(51)I Itis n oted in Fig･ 12 Gthatthe optic al density
change sw asthe slo west amongthefo u rpar a metersin responsetothetemperatu re shift
in LJ14.
ln Fig･ 14A, ie x amin ed how fastprotein synthe sisis re cov e red afte rthe cells
are shifted backtothe permis siv ete mperatu re fro mthe n o n
- pemis siv ete mp･erattue･
T he cultu res we re e xpos edtothe n o n
-pe rmissiv ete mpe ratu re for 20min utes or l･5
hou rsbefo re the shi氏backto the pe rmissivetemperatu re･ Regardles sof the e xpo su re
period,it to ok about1 hou rbefore theinco rporation of m eth ionin ebegan again･ T his
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rec ov eryti me W a sthe sam e eve nifthe expo sure period wasincre as ed upto 3hours
(data not show n). The O D in crea s e recov eryto ok lo nger(1･5 - 2 hours;Fig. 14B)btlt,
similarly,thelengthofexpo s ureperioddidnotinnu encethe re c ov erytim e･
M uta rzLR E F ”(ll 7)D is rapidlylostupo nte mpe rature sh卵 up
Assho w nin Fig･ 15,it w a sfou nd that10 min ut¢s afterthetemperature shift
-
up, alm o st n oR AF w aspre se ntin LJ14･ Sinc e wi ld
-type RE F is relativ elyheatstable
(ll)itispo ssiblethat the m utant tsR RF V(117)D is unfoldedathighternperatu re and
be c o m e sa target ofpr oteolytic degr adation･ Theloss of R R Fm ustbe very effic ent
be c a u s ethe e xpression of R Nm ay be elevated at the n o n
-permissiv etemper atur e
(182). Ev e nat thepermissivetempe ratu re(3 0
o
C), the amo u nt of R RFw asles sinLJ14
than in the wild-type strain M C IO61(zerotim ein Fig･ 15), althoughthe grow也 rate of
LJ14w as si mi larto that of M C IO61atthepermissiv etemperatu r e(Fig･ 12 Gand E)･
This observation suggests that the c ellularco n centratio n of R RF is m ore than that
requir ed fわr no m algrowtb･
upon 鹿足ダt
'
t2 a Ctiv atz
.
o n, so m e riboso mes a y etra nsfe r redio tmRN A
Itis known thatin the absen c e of R R F,ribos o m e sare notr ele ased 丘om natural
po st- e min atio n c o mplexe s (183) and re-initiate tr an slation dow n stre am of a
termination c odon(48,51,52,183). Thisis c alled
'bn scheduledtr anslation
' '
･ 1thasbe e n
sho wn that alm o st100 %ofribo so m es r e- initate and becom eengaged inunscheduled
tr an slatio n whe nR R Fw asin a ctivatedin vivo(51). The uns cheduledtr anslatio n m aybe
ter minated at the n ext U A A, U A Gor U G Asequence, butit agalnreinitiates an other
u nscheduledtran slatio nin the abse nce of RR F. Itfollo w sthenthatribos om es e ngaged
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in u n s cheduledtr an slation e ventu allyr ea chthe3
'
endof mRN A･
ltis kn o wn that, when tran slating ribo s o mes r eachthe 3
'
end oftrun c ated
mR N A
,
the ribo s o m e s aretransfe redtotmR N A(160,I84)andtag peptide s e ncoded by
t mR N Aare tr ansferredtothe n ascentpolypeptides･ Therefore,1e xpect thatso m e ofthe
ri bo s om es engaged in u nscheduledtr an slation sho uld betran sferredtotmR N A ifthey
re achthe3' end of mR NA. 1tsho uld be pointed o ut that un scheduledtra n slation will
beginin allthreefram e s afterthe authentictermination c odo n(5I)･It willend when ev e r
ri bo s o me encou nters atermination c odo nwithin the3
'
UT R. How e v e r,in the absenc e
of R R F
,
un scheduledtranslation will begin againdo wnstre am of that termin ation codon
with inthe3' U T R･ This pro cessis repeated depending on how frequ e ntlyriboso me
enco un ters a te rmination c odon in the 3
' U T R. T he last rou nd of un scheduled
tran slatio n will begin do wn str e a m ofthelast terminatio n c odo nclo sest to the3
'
e nd･
Therefore, the peptidesprodu c ed bythe last round of un scheduledtr anshtio n will
represent theportio n clo s e st to the3
'
e nd of mR N A･ The a veragele ngthofth ispeptide
is about20a min oa cids(185). Thus,if ribo s o mes are tr an sfe redtotmRN Aatthe3
'
e nd
,
this w ouldresultin oligopeptides(about20amino acidslo ng)taggedwithtmR N A
peptide.
To ex amine th is po ssibility, I utiliz ed a pla smid, pK W24, e n coding a mutant
t mR N A in which the C-te rminal 6c odonsin the tag O RFw ere allr eplac ed with
histidine c odons(the O R ヂis A N D E H H H H H H) (177)･ This m utated tmR N A is still
a ctivefo rpe ptidetagglng'butthetaglSr esistanttodegradation･ T herefore,ifsome of
theribo s o m e sre ach the3
･
e nd upo nR R F ina ctivatio n,Isho uldobserve anincreasein
peptidestagged with histidine s･ LJ14 A,s rA(tsfrr, s s rA::Km)(seethelegend of Fig･ 16
and Fig. 17describing the propeny of te mperatu rese nsitivity ofLJ14 AssrA) and
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M C 1061 AssrA(wtfrr, s s rA::Km) w ere tra n sfo rmed with thispla smida ndthetagged
-
u n scheduledpeptide s w eredetected by w este m blot withthe a ntibody agalnSt His6
peptide･ Atthe 3
,
e nd of mR N A,the sepeptides will betagged withtmR N Aen c oded
peptide･ Sincethetra n s-tran slatio nre actio n adds11amin o acids,thelengthofpeptide s
for m ed in the absen c eof R RFw ouldbeIlresidu eslonge rthanthe siz epredictedabo ve
m akinglt tO ar o u nd 30re sidue s･
As sho w ninFig. 16, when RRFw a sinactiv ated[LJ14 Ass rA/pK W 24at42
Oc
(r egarding the gro wth te mperatu re, se ethe figu re legend)], tagged short peptides
ap peared(indicatedbydotted box)･ The size ofthepeptides Observ ed m atche s w ell with
thepredictedsiz e ofthe s mallpeptide s ofabo ut30a min o acids･ T his s co n site nt with
the n otio n that s o m eriboso m e sre ach the 3
'
end of mRN Aand are transferr edto
tmR N A. Itisimpo rtant to noteherethat, thetran slation re
-initiatio ndo wn stre am fio m
thete r min atio ncodonihdeedo c u rsin LJ14 AssrA at42
oC(Fig. 18).
Thetagged shortpeptides obs e rv ed ar eprobably n otdegradation produ cts of
large proteins tagged by tmR NA, be cau s ethey are not observ ed in M C 1061
Ass rA/pK W 24at 42
oC･ h th is c on ne ction, itis noted in this figu rethat m any
polypeptide swith highermQle c ular weights w eretagged both in LJ14 a nd in wild
-type
cells. The se tagged polypeptides didnot diminish in qu antlty upo n r alSlng the
te mperature. This suggests that no appreciable degradatio nof high m ole cula rw eight
taggedproteinstookplace atthe non
-pe rmis siv ete mper atu re of LJ14･
工tis noted in Fig･ 16that the shortHis6-taggedpeptide s obs e rv ed atthe no n
-
pe rmissive te mperature are heteroge ne ou sprodu cing a sm e ar･ Thisis understandable
be cause it is know n, that whe n riboso m e sre -imit ate uns cheduled tran slation
dow nstrea m ofa te rmin ation codon upon R R F inactivatio n, theriboso m es noto nlyc an
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change readingfram es,butals oreinitiates atra ndo mpositions(5I)･
As po lnted o ut abov e, c e rtain tm R N Apeptide
-tagged protein s of higher
m ole cular w eight w e reobse rv ed eve nin wild-type cells･ Thisis consiste nt with the
findingsby other sthat nu me rou spr otein s ar etargetsfortmRN Atagging, ev en u nd
er
norm alc o nditions(168,177,186). Itis n oted in this figurethat s o m e ofthe setagged
proteins(show n by arows)in creased in LJ14 AgsrA/pK W 24at the non
-pe missive
temper atu rebutnotin M C 1061 AssrA/pK W 24･
Riboso m es engaged ilW nSCheduledかa nslation do nota c c 〟m uLate at the3
1
e nd･
Thedatapresented inthe prec eding s e ction areconsiste nt with the n o tion that
ribo s om es engaged in unscheduledtranslatio n m ayrea chthe3
'
e ndof mR N A･ So m eof
the m are tr an sferredtotmRN A, a ssugge sted in the preceding se ctio n･ Ev en a鮎rthe
ribosom es aretran sfetredtotmRN A, theyshouldstilltra n slatethe3
' U T RoftniRNA
andsho uldr e a ch the3' e nd oftmR N A in the absence of R R F･ Ifanotherm ole cule of
tmR N A is available, theproc ess shouldr epeat･ Since m ostof ribos ome sar e engaged in
unscheduledtra n slatio nin the abs en c e of R AF, n ot all ribo s o mes re achingthe3
'
end
m ayen cou ntertm R NA･
Regardless ofwhether riboso me sar etransfe redto tmR N Aor not, theque stion
arises whetherri bo s om esr e a chingthe3
'
e nd of R NA w ouldstaythere or n ot whe nthey
do n ot en c o u nte r an othertmR N A. 1fri bo s o m estays o n mR N Ao rtmR N A, those
ribo s om e sfollow lngthe{lrStri boso m e r ea chingthe3
'
e nd willa s obefo rc edto stayon
m R N Aand acc u m ulate o nthese R N As. T his w ouldresultin anincr e ase ofpolyso mes
and ade c reasein m on os om es. On the otherha nd,iftho seribos o mes are r el ased atthe
3, end,polyso me swill de cre ase and m o nos om e wo uldac cu mulate･
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To explorethispossibility,Ia nalyzedthe sedim entatio nbeha vior of ribosom e s
ofLJ14 atbothpermissiv e(28
0c)andn on -pe r missive(42
0
c)temper ature s(Fig･ 19)I
Cells w ere treated with chloramphenic ol for30sec onds im m ediately before the
is olation ofthe e xtrac tin ordertopreve ntbre akdo wn ofpolys o mes･ Within20minute s
oftempe ratu reshiftup,polys o m e sde creas ed in LJ14 butn otin M C IO61, the wild
-type
control. In co ntra st, 70Sribo s o m e s(m o no s om es)inc re as edto represen t93･2% oftotal
ri bo s om es. Theri bo s o m als edim e ntatio npatte rn re m ain edthis w ayeven at120minutes
afte r the te mpe rature shift- up (data n o t show n). T hese data indic ate that upo n
inactivation of R E F, ri bo s ome s are notstalled atthe3
'
end of mR N A,bllt ac cu m ulate
a s70Spa rticle s･ 工n a s epar ate experim e nt, Iobse rv ed a similarpattern with a nE･ c oli
strain de voidoft mR N A, suggesting that m onos ome fo rm atio nupon inactiv ation of
R R F is n otdepe nde nton tmR N A(data notsho w n)･
Ribo so m e sofL J14atthe n o n-pe ymissiv etempe raiu y e a re a ctiv efor Lra nslaLio n of
syntheticpo(yn u cle oiidesbutn otn atu r alm R N A
ln e xt addre ssed thequ e stio n ofwhy pr otein synthesisis rapidlyinhibitedupo n
lo ss of R R Fa s sho wnin Fig･ 12･ LJ14gro wn at28
oC w as exposedto42
oC fo r20
min utes or1.5 hou rs
,
and the S30 extr a ct w asis olated･ h Fig･ 20A, the S30e xtractof
LJ14w as ex amin ed fo r c elト丘eetr anslatio n of the M S2phage R N A, a typical, n atu ral
mR N A. The a ctivityofthe extractkept atthepe rmis sive tempe rature w astw o
-
t
orfiv e-
tim eshigherthan the e xtra ct e xpo sedtothe n o n-pe rmissiv ete mpe ratu r efo r20min utes
or l･5 hou rs, r espectively･ A ddition ofpuri fied wild-type R N didnot re store the
a ctivitytothe extra cte xpo s edto 42
oC for eitherthe short(Fig･ 20B)o rlo ng(Fig･ 20C)
period, sugge stingthat thein a ctivityis n otdu etojust thela ck of R R f･ So me othe r
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da mage m usthav eoc c u rr ed duringthein a ctivation ofRRF･
T he actio n of R E Fm ayinvolve tra n sientdiss o ciatio n ofsubunits(35)tho ugh
the final rele ased ri bo s o meis70S ribosom e(ll). Ither efor eatte mpted tore cover in
vitroprotein synthe sis activityby adding puri fled lF3, which dissociates70Sribo s o m e s
fo r m eda sa re s ult ofthe disass e mblyre a ction c atalyzed by R R Fand E F- G(Fig･ 10I))I
Asshow nin Fig･ 20 D, added lF3 didn otrestorethe activity either･ T helo ss ofactivity
w a s no t observed in the e xtrac tfrom the 42
Oc cultur e of M C 1061(Fig. 20E),
indicatlngthat thelow er activity obse Ⅳed in thebe at tre ated LJ14e xtra ct w as 血 eto
thein activatio n oftsR RF.
1nthe experim entsho wnin Fig･ 20F, ri bos o mesis olated fro mtheina ctive S30
extr act ofthe42
o
C LJ14 cultu re w eremixed withthe s olublefractio nisolated 丘o mthe
activ eS30extra ctof the28
oC LJ14cultu r e. The a ctivity ofthis reco nstituted system
w assignific antlyloWer than the activity of a re c o nstituted syste m c on sisting of a
mixtu r eofribos o mes andthe s olublefraction from 28
oC a nd 42
o
C, r espectiv ely. This
indicatesthat the dam age du etothe absen ce of R RF is on the pellet c ontaining
ri bos o m es rathe rtha non thes oluble丘a ction.
In c ontra st to thelo ss ofa ctivitywith M S2RN A, boththe s oluble andpellet
丘a c tionsis olated fr o mLJ14, which w ere e xpo sedto the non -pe rmissiv etemperatur eas
w ella skept atthepe rmis siv etemperatu re? w ere activ efo rpolyphenylalamin esynthesis
progra Ⅱ 皿 ed by poly(U) (Fig. 20 G)･ Control extra ct 丘o m wildヤpe C ells, under
ide ntic alc o nditio n s
, ga v esimilar activitywithpoly(U) (Fig･ 20 H)･ This s uggests that
the elongation proc e ssi not affected･ Rather, on eof m o r eofthe proc e se sin v olving
initiation
,
te mination an〟or dis asse血bly, that ar e n otin v olved w 池 也e poly(U)-
progr aⅡ 皿 edsyste m, a re affected bythein activ atio n of R RF･
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70Sriboso m es in the L J14 extr act at the non -pe r missiv e te mpel
･
atu r e C a nbe
diss o ciatedt
'
nto s ubunits n o r m ally.
1tis kn o wnthat, fo rtr an slatio n of m o st mR N A, 70S ribo so m e sha ve to
diss o ciateintotheir subu nitsfわrtheinitiatio nproc ess(187)e xc eptfわr synthetic mR N A
such aspoly(U)(46)or spe cialle ade rle ssm R N A(188-191)･ The selectiv einhibition of
natu ral m R N Atranslatio n obse rv ed here couldthe reforebedu etotheinabilityof LJ14
ribo s o mes to diss ociate at the non-permissiv etemper atu re･ How e v er, itis cle arfro m
Fig･ 21thatri bos om esfro m LJ14at the no n-pe r mis sive tempe ratu r ediss o ciateinto
subunits u nderlow Mg
2＋ io n c o n c entrations･ Fu rtherm or e, I also obse rv ed subunit
dis s ociation by adding purified IF3to the LJ14 ribo som es of the n on
- per missive
te mpe r atur e(data notsho wn)･
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DIS CtJSSI ON
lthasbe en show nthatit to ok aslo ng as60min ute s at45
oCtoin activate the
puri fiedtsR Rf 丘o m LJ14(51)･ On the otherhand, anin c re a se of viable cellc o unts
stopped wi th in m n utes upon e xpo su reto the non -per missiv etempe rature(5I)･ These
observatio n s c a n n o wbe understood inlightofthepre se ntfindingin this Chapte r3that
tsR RF dis appe ars r apidly upo n e xpo s ur eto the R o n
-pe r missive te mpe r ature(Fig･ 15)･
Thisisfollo wed by a c ess atio n ofprotein synthesis, also within minutes ofexpo su re
(Fig. 12 A). This oc c u rspriorto the alm o stequ ally rapid ces satio noftr anscriptio nthat
follo w sa tran sie ntstim ulato ryeffect(Fig. 13 A). T he rapidce ssatio n of R N Asynthesis
upo nin activation of R R Fm ay be related to the stim ulat ory effect of R R fo n
tran scription(5 0). At any rate, 1 hav e n ow establishedthat theprim aryr ole of R R Fin
vivoisindeed inprotein synthesis･ Thishasbe enlo ng assum ed butthe a ctualevide n c e
has n ev rbe e n av ilable.
Itha sbe en sho wn that, uponloss of R R F, alm o st100 %of ribo so m es at a
termination codo n stay on mR N Aand e ngage in u n scheduled translation of the
do wnstre am untr an slated region of mR N A(51). ln anin vitro system in volving R 17
phage R N A, 60 %of un scheduled tr an slatio n sta rts from the codon next to the
te rmin atio ntripletin the absenc e of R 肝(48). I suggestthat, on the basis of the
followlng c o n sider ations, ribo s om es engaged in un scheduledtran slatio n are released
丘om the3
'
e nd of mR N Aand inactiv ated
,
ca uslng rapidc ess ation ofprotein synthesis
a sdiscuss edabov e.
First
,
upon los sof R RFat the non -pe rmis siv etemperature, I observ ed the
appe ar an c e ofs mallpe ptides(4to 10 K Da, c o r r espo nding approxim atelyto 40to 100
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r esidu e s)co ntainingtm R N Ae ncodedtaggedpeptide(Fig. 16, the peptide s are sho wn
bythebr oke nlin een clo sure). Fro mthe siz eofthis oligopeptidestheym ustrepre sent3
'
e nd of U T R(se etext of Fig. 16). T herefore, these data sugge st thats o me ribo s o mes,
afterfinishing un scheduledtranslatio n, are transferr edto tmR N A from the3
'
end of
mR N A･ Further studie sto supportthis notio nusingdisc ret mR N Awith kn o wn O R E
inthe3' U T RreglOn a rerequired.
Se condly, at42
0
c, m ost ofthe ribos o mesin LJ14ar e mono s o m e s(Fig･ 19)･
The re sults indicate that ri bo s o m esdo n ot a c cu mulate on mR N Aor tmRN A. 1f
ribo s o m es acc u mulate on the mR N A,polys o mes w o uld beincre as eduponlo ssof R R F･
T he 3' UTR regio n oftmR N A is 242nu cle otides(ac c essio n nu mber D12501)･ The
minimu m dista nc ebetw e enri bosom esin E･ c olipolysom eis estim atedtobe abo ut40
n u cle otide sfro m thelengthofnucle otides co ver ed by the ri bos o me(148,192)to100
nu cleotide sestim ated from the &equ ency ofimitiatio nper se cond(193)andthe speedof
peptide fo rmation(abo ut13peptidebo ndsperse co nd)(194)･ Therefo re, 1 w ould ha v e
observedin cre a se oftris o mes o rtetraso mesifthe rele aseofri bosom e sfro mthe3
'
end
oftm R N Aisinhibited･ Fig･ 19show s clearlythat tris ome sandtetra som e saredecreased
upon shiftingtothe non -pe rmis siv ete mper ature･ Thu s, riboso m e s re achingthe3
'
e ndof
mRN AortmR N Am ustbe rele a sed &o mthere.
The obse rv ation thatri bo s o me sfalloffthe3
'
e ndofmR NA m aybe arguedtobe
contr adicto rytothepra ctice of
``ribo s o medisplay
”
te chniqu e(195,196)whiqh depends
o nthe c onc ept that tr anslating ribos o mesdo notfalloff ftom the 3
'
end･'Howev e r
,
closer e x amin atio n of the condit o ns u sed fo rthe ribo s ome displayte chnique rev ealed
significantdiffer e n c e sfro m n aturalin viv o conditio ns[stallingriboso mes either with
chlor amphenicol(196)o r with e xtrem elyhigh Mg
2'
con centr ation(195)]･ h de ed,the3
'
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e nd stalled ribo s o m e s with peptidyl-tR N Aw e rehardly observed at lOmM Mg
2＋
c onditon(195). Ther efo re,Ico ncludethatthe c u rre ntflndingis not co ntradictorytothe
"ribo s o m edisplay
”
technique.
The e x a ctre as o n whyribo s om es ar ein activ ated in the abse n c eof R RFre mains
obs c u re･ lt appe arsthat the po s sibilitythat, in a ctive ribo s o m esca nnotdiss o ciateinto
subu nits
,
w as ruled o utbecaus ediss o ciatio n oftheina ctivated ri bo som es eitherinlow
co nc entrations of Mg
2'
(Fig. 21)or by addinglF3(data not sho w n) w as n orm al･
Anotherpo ssibility that R R F in a ctivatio n c auses release of 70S ribo s om es retaining
peptidyl-tR N Aw as ruled out bec a use ribo s o mes are active with poly(U)･ It is
c o nc eivable thattheri bo s o mes m ayhav elo sts om eoftheir compon e ntsduringthe un
-
physiologi c alreleas efrom the3
'
end･ This may e xplain whyit takes alm ost1hou rto
re c o ve rprotein synthesis a鮎 rthe c ultur etemper atu re w asreduc edtotheper missible
temper atu re(Fig. 14)･
-
Data presented inFig･ 16s uggestthat, upon R RF loss, the n umberoftmR N A
-
taggedprotein sr e m ain edthe sa me but the am o u nt oftagging inc rea sed with so me
protein s(bands withthe arro w s). T his s c o nsiste nt withthe obse rvatio nthat transfer of
ri bo s o m esto tmR N A is notlimitedto the3
'
e nd of mR N A(160)but also o c cursin the
middle ofmR N A. W he nribo s o m e spaus eo n mRN Aeitherin the middle ofa nORF(at
a rare codon like A G A)or at certainter mination codons, they can be tr ansferredto
tmR N A(176-179). Itisknow n thatpeptidyトtR N Ais rele ased often 丘om ribo so me sat
ra re codo ns(197)o rat thete rminatio ncodons(198)I R RFcan rele asepeptidyl
-tRN A
丘om ribos om es(28,199). T heribo som es atr 貯e COdo ns o rat the te minatio n c odons a re
kno w nto be stalled(200). Takentogether,it appe ar spossible thatR E Fm ayfa cilitate
elongatio n steps by res cu ing Stalledri bos om esby disass e mblingthis co mple x･ T his
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suggests that R 氏f, under n orm al condit o n s, shares the functio n of reliev lng Stalled
ribo so m e swithtmR N A(176-179). In suppo rtofthis c on c ept, Hayes etall r epo rted that
ov er-e xpre ssion ofR且F ca us eda s mall decrease oftmR N Atagglngat thein -frame stop
c odon ofybeL m R N A(178). Co nv ers ely,lo s ofR EF, therefore, w ould in cre a s etran sfer
ofstalledribo s o m e stotmR N Aa sshow nin Fig･ 16･ T his con ceptthat, R R F fun ctio ns
not onlyforthedisassembly ofthe post-termination co mple xbut als oforthepeptide
chain elo ngatio n steps,isconsiste ntwiththe n otionthatR A F is nv olv ed in reduction of
tran slatio nal missen se erro r(12,14,16).
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Fig･ 12 Efre cts of R R F ina ctivatio n on synthesis ofproteinチ R N A) arid D N A in
viv o. LJ14(A, C, 玉 a nd G)a nd M C IO61(B, D, F and 且)gro wn in minim al m edia
at28oC w er e e xpo sedto42
oC atz e rotim e andtherates ofprotein, R N Aand D N A
synthe sis w ere me asured by the inc o rpo r ation of[
35s]m ethionine (A and B),
[3H]uri dine (C and D) and[
3H]thymidine (玉 and F), re spe ctiv ely･ M ethionin e
inc orporation w as m e aヲw ed byhotT C A(trichloroa c etic a cid)insolub
le co unts, and
urid ine and thymidin e Incorporation were m e a sured by cold T C A in soh ble co unts･
G and 且representcell densities at540n m. Filledsymbols r epres entc ells e xpo s ed
to42oC and ope n symbols repres e nt thosekept at28
oC･ The specific a ctivityof
[35s]m ethionine u s ed in Å and Bw as250い･Ci/pm ol･
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Fig･ 13 R R Fina ctiv ation prefer entianyinhibits pr otein bio synthesis T
'
n viv o･
Rate ofsynthe sis[d(cpm)/dt]ofprotein(ope n circles)a nd R N A(ガIled cir cle s)w ere
c alc ulated from Fig･ 12 A, B, C and D, and the r atios ofthe synthe sis ratesat42
oC
a nd 280C in LJ14(A)orM CIO61(B)w ereplotted･ Note thatthe rate ofsynthesis
[d(cpm)/dt]m e an sthein cr e as eofthe m a c ro moleculein c o rpo r atio nper min ute, a nd
the ratio ofthe synthesis rate betwe en tw o te mpe ratu re sw as calculated bydividing
d(cpm)/diat420C byd(cpm)/dtat28
oC･
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Fig･ 14 T he re c ov e ryfr om ina ctiv ation of RR F･ LJ14grow nihminim al m edia at
280C w as e xpo sedto 42
oC at z e ro tim efo r20(clo s ed cir cle sin A), 3 0(ope n
tria ngle sin B),90(clo s edtria nglesin A),120(clo s edupside-do w n-tria nglesin B)or
180(clo s ed dia m o ndsin B) minutesI The n, thegrowthtemper atur e wasshifted back
to28oC･ Ope n circles repre s entc ellskept at28
oC andopen squ a res r epr s enttho se
kept at 42
oC a鮎 r the temperatu re shift･ T he pa nels A and B repr ese nt the
incorporatio n of【35s]m ぬio nin e 皿d cell density at 540n m, r espe ctively･ T he
spe cific activityof[35s]m eth iomin e used in A w as41･5叶Ci/pm ol･
7 3
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Fig. 15 R R F is r apidly degr adediTI L J14 at t10 n-Pe rmis siv ete mpe r atu r e･
M C106land LJ14we reinc ubated in L Bat3 0oC(permissive te mpe rature)tlnti1
0D540reached 0.4, then e xpos edto 42
oC(n on -pe rmissiv ete mper aturefo rLJ14)･
At 10
,
2 0, 30, 60a nd 120minute s a触 r the te mper atw e shift-tip, C ells were
harvested and R RFpre s e nt in the total proteins of 0.2 0 D540 units of c ell
slSpenSion w as analyz ed by w estem blotting. The s a mple a‡ zero tim e was take n
ju stbeforethetemperatu re shi払up.
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Fig･ 16 Pr odu ctio n ofpeptide stagged with tmR N Ac oded peptide s tlpOn
in a ctiv atio n of R R F.In the strain u sed inthis e xperim ent, the ssrA ge nehasbe e n
disrupted in LJ14to av oidc omplic atio nby wild
-type tmRNA, which does not
hav ethe His6tag. Thederiv ative ofstrain LJ14with a deletio n ofthe ss rA gen e
(LJ14 AssIA)c o uldgro w slo wlyat42
oCbllt n ot at45oC(se eFig･ 1 7),indic abng
that this strainis slightly m o reheat resista ntthan LJ14･ LJ14 AぎS rA/pK W 24and
M C IO61 As s rA/pK W 24w erein c ubated in L Bat30
oC(pemi苧siyete mperature)
u ntil 0 D5.. reached O･4 a nd then?xpo s edto 42
oC(s e mi-permlSSI V et mperature
fo rthis str ain). At0,3 0and 60m in utes afterthetemperature shifhlP, Cells we re
harvested. Pr oteinsfus ed withtmR NA- His6tagintotalprotein s equivale nt to O･ r2
0 D540W ere a nalyz ed by w este rn blot u sing r abbit anti
-se ru magainst the His6
peptidetag･ B 弧dsindicated by arr o w sincr e ased in LJ14 butnotin M C IO61at42
oC. Thedottedbo xindicatestm R N A- His6taggedshortpeptides･
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1-- LJ14 AssrA clo nel
A叩 kl拙血 2 - LJ14 AssTA elo n e2
也
10
rqo
6
5
2
如 血血th:s 3
3 - M C 1061AssTA
4 - LJ14
5 - M C IO61
6 - LJ14AssrAclon el/plOSa(e nc oding wもW A)
7 - LJ14 AssrAclon e2 /p10Sa(encoding wtぎざrA)
8 - LJ14 AssrA clorlel/pPEN 907(en coding wtPr)
9 - LJ14 AssrA clon e2 /pPE N 907(en coding wthr)
10- LJ14 /pPE N 907(e nc odingwもか)
Fig･ 1 7 T he de rivative of L J14with A紺rA 町utatio nis slightly m o r eheat
re sistant than L J14. LJ14 AssfA, M C1061 Ass rA, LJ14, M Cl･061, LJ14 AssT:A
ha rboring plOSa(en c oding wildtypetmR N A, ampicillin resistant), LJ14 AssrA
harboring pPE N907(en c oding wildtype R RF, chloramphenic olre sistant), LJ14
harboring pPE N907 w e re gro wn at28
oC, 37
oC
,
42oC o r45oC on L Bplate o r
on ampicillin (loo雌/mL) c o ntaining L Bplate (o nly for c ells harboring
plOSa). Tw o clo n e s of LJ14 Assr w er eisolated a触 r Pltr an sdu ction and
examined her e. LJ14 Ass7 clone2is u s edasLJ14 Assr:A in otherflgS.
Note :LJ14AssT:A grew at37
oC o r42oC(clo n e2,tho ughsm allcolo nie s)while
the gro wtl” fthepa re nt strain, LJ14, was n ot observ ed at the s ete mperatur es,
indicatlngthatthe te mper ature s e n sitiv ephenoty peis s uppress ed by the Pl
tra n sdu ction of As sy:A::Km . Thets-s uppres sion bythistran sdu ction wa spartial
be cau s eLJ14 As sfA still had thegrowth defect at45
oC･ How e ver,itsho uld be
notedthat the partialsuppression ofts-gro wth obs e rv ed herew o uldn otbe due
to the AssrA m utation bec au s eLJ14Ass rA tr ansform ed with plas midplOSa
(en coding wt-tm RN A)stillgre w at3 7
oC(thisfigure)andtheplating efrlCie n cy
ofthe LJ14 Ass rA/plOSa at thiste mperatu re w as alm o st sa m eas that of LJ14
AsspA withn oplasmi d(data notsho wn)･
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Fig･ 1S Tempe r atur e-depende nt r e-initiation oftr a n slatio ndo wnstr ea m
fr o mthe te rmination codo nin L J14 Ass rA. LJ14 AssrA clonel harboring
plas midpPE N 23 63(the
'la cZ isin -fram e with the upstr e amte rminatio ncodon as
de s cri bedin Mate rials a nd Methods) (A), LJ14AssrA clone2harboring plasmid
ppE N 2363(B) or LJ14 Ass;A harboring plas mids pP E N 2363a nd pPE N 907
(en c oding wtR R F) (C), we r egro w nin L Bat30oC u ntil 0 D540
L
r eachesO･2
,
then
exposedto37
0C(Filled circles)or420C(open squ a res)at z ero tim e･ At2 or4
ho urs
,
c ells w ereharv ested andthe 8 -gala ctosidas eactivity was m easu red･ Ope n
circles repre s e nt c o ntrol c ells kept at 28
QC･ β -gala cto sidase activity w as
repres e nted asM iller units.
Note:translation re-initiatio nin LJ14 AssTA was obse rv ed at420C(the
”
se mi-
permis sive te mperature
” forthis strain
,
see Fig･ 17)I Like wise, tra nslatio n re -
initiation in LJ14w as obs e rv ed at the ”semi-pe rmis siv ete mper ature
”
(35-3 9oC
fo rLJ14)but not atthe
"
n o叩 eTnissiv ete mpe ratu r e
''
(430C fo rLJ14) (51),
be c a use 也e ov e ralltranslatio n lS alm ost co mpletely stopped at 也e
"
n o n-
pe rmis siv etempe ratu re
”
(Fig. 12)I
77
70 S
I- o･l -
70S
A
寸
Ln
N
<
Polys o mes
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～ Polys o m e s
A
Top Bo世o m Top Botto m
Sedim e ntatio n
Fig･ 19 Polys om e sde cre a sed and 70Sribo so m esinc r e as ed in
･L J14at the n on -
pe rmis siv ete mperatu re･ ChlorチmPhenic ol
-treated cellextracts(2･O A260 units)of
LJ14gてow n at 28
oC(pe missIV ete mperatu re) (A)or e xposedto 42
OC(n o n-
pe rmis sIVetemperature)fo r20minute s(B)w ereis olated asdescribed in Mate rials
a nd Methods. Sedim e ntatio nbehavior ofpolys o m es and m ono s o mesin 15-30 %
lin e a r sucr o seden sity gr adie nt w as e x amined by ultr a c e ntri fugatio n(S W 50･1,
40,000rpm , 75mintlteS, 4
OC). The abs o rptio n atA254 W asm Onito red withthe
IS CO U A 6spectrophoto m eter･ Sedim e ntationisfr omlefttoright･
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Fig. 20 Zn vitr o a ctivitie s of e xtr a ct of u 14e xposedto non
-permissiv e
te mpe ratu r e
(A)Tr a n slatio n of M S2phage R N A byhe at-tr e ated L J14e xtr a ctis m u ch
redtlC ed. S30e xtr act(0･6 A260units)of LJ14gr ow n at28
oC(circles), expo sedto
420C fo r20min ute s(triangles)or expo sedto420C forI.5 hou rs(squ a r es)w ere
is olated
,
a nd e xa min ed forin vitropolypeptide synthe sis pr ogr am m ed by MS2
phase R N Auuled symbols)at300C. Fo r c o ntr ols, n o template R N Aw as added
(ope n symbols). Hot T CA ins oluble c ounts of[
35s]m ethio nin e(l･2 pCi/pm ol)
with S30of 28oC c ulture and M S2 R N Aat30min(1.60x106 cpm in 6pL of
totalre a ction mixtu re30けL)wasdefin ed aslOO% a nd the relativ e activity w as
plotted again st thein cubatio ntim e･ T hre eindepende ntlyis olated extra cts were
te sted, a ndthe ave rages a ndSEM aresho wn.
(B a nd C)A d ditio n of R RF do e s not r esto r ethe a ctivity of he at･tre ated
LJ14 S30e xtr a ct. S30e xtract(0.6 A260units)of LJ14e xpo sedto42
OC for20
min ute s(B) or 1.5 ho urs(C) w ere ex a mined as in (A)e x c ept that v ario u s
am o unts ofpurifled wild-type R R Fw ere addedtothe e xtr act･ h (B), clo s ed
squ a re s, 0.2 pM R RF;ope ntria ngle s, 0･4トLM R RF; clos ed tria ngles, 0･9pM
R R F;ope ndia m o nds, 1.8 pM R R F; clos ed circles, no R A Fw a sadded･ In(C),
clo s ed squ a r es, 0･04トLM R RF;ope ntria ngles, O ApM R RF; clos ed squ a r es, 4
LLM R RF; clos ed circles, no R R Fw as added. 1n B orC, ope ncircle s repre se nt
S3 0extra ctof LJ14at28oC;ope nsqu a re srepresent c ontrols wi tho utM S2phage
R NA. Certain symbols arehidden byothe rsbeca usethe valu e s w er v ery clos e･
100 %- 1.73A 106 cpm(B, ope n circle at30min)or1.84A106 cpm (c, open
cir cle at30min)in 6叶L oftotalreactio n mixtur e30uL.
(D)A ddition of IF3 doe snot re sto re the a ctivityofthe LJ14S30e xtr act･
The S30extract(0.6 A260 u nits)of LJ14expo sedto42
0C for20min ute s w a s
ex amin ed asin (B)ex c ept that, in stead of R R F, vadous a m o u nts of lF3 we re
addedtothe extract･ Closedsqu a r es, l･7pM 肝3; opentria ngle s, 3･3LLM IF3;
clos edtria ngle s, 7･5トLM IF3;ope ndia monds,15･3pM IF3; clos ed circles, noIF3
w asadded. S3 0e xtract of LJ14at28oC is ope n cir cles. Ope nsqu a res; M S2
phage R N Aw as o mitted in the reaction with S30of42
0C and 15･3 pM 汀3･
ce rtain symbols a rehiddenbyothers･ 100%
- 1･44冗 106 cpm in 6LIL oftotal
r ea ction mixtu re30LIL(ope n circle at30min)･
Fig. 20(c o ntin u ed)
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(A)Zn vitro tr a n slatio n of M S2phage R N Awiththe e xtr act of wild-type
c ells. S30extra ct(0.6 A260 u nits)of M C 106lat28
0C(circles)and 42oC(1･5
ho ursexpo s
.
ur e,
.
squ a re s) w ere
.
ex a min ed for M S 2phage R N A directed
[35s]m ethionチn e In corpo r ation as ln (A) except
that the specific a ctivity of
【35s]m ethio n ln e Wa s0.08pCi/pm ol. 100 %- 1.25x 105 cpm (closed circle at30
min)in 6トLL oftotalre action mixtur e30トtL. Closedsymbols, withte mplate;open
symbo)s, witho ut template.
(F)Ribos o m e s a r e r espo n sibleforthein a ctivityof L J14 S30e xtr a ct･ Extra ct
(0･6 A260units)of LJ14gr ow n at28
oC or e xpo s edto 42
0Cforl･5 hours w ere
centri fuged at15 0, 00A gfor 2 ho urs, a nd the ribosom alpellets and the po st-
ribo s o malsupem atants w ere sepa rated. T hepelletofextra ctfr o m c ellsgro w n at28
oC w aヲmix ed withthe s upem ata nt ofthatfro m c
ells expo sedto42
oC(circle s)･
Like wis e
,
the pellet of S30 &o m cells expo s edto 42
0C w as mix ed with the
s upem ata nt of that gro w n at 28
oC (square s)･ In vilro Protein synthesis
prograrr 皿edbythe MS2phage RN Aw as ex amined with the se mixtures asin(A)･
Clos ed symbols r epr ese ntincorporatio n of[3
5s]m ethio nin e(I･2 トLCi/pm ol) with
M S2 phase R N Aasthe template, and open symbols repr esentin c orporatio n
without te mplateR N A. Ope ncircles arehidde nby ope nsqua res･
(G)L J14 S30e xtr a ctisfully active fo rpolyphe nylala nine synthe sis･ S30
extracts(0.6 A260 urlits)of LJ14gro wn at28
oC(circles)or e xpo sedto 42oC for
l.5 ho u rs(squ a res) w ere e x a min ed fori7 ”itro poly-[3H]phe nylalanin e(03 3
pCi/n m ol) synthe sis pr?gr a m med by poly(U)･ Closed symbols repres e nt
polyphenylalanine fo rm at1 0n and ope n symbols repre sent the c ontrol witho ut
poly(U)I Clo sed circles and ope n circle sare hiden by other symbols･ 100 %
-
2
,
894cpmin6pLoftotalre actlO n mixtu re3 0pL(clo sed circle at3 0min)･
(H)Zn vL
'
tropolyphe nylala nine synthesis withthe e xtra ct of wi ld
-type c ells･
S30ex tra ct(0.6 A260units)of M C 1061at28
oC(circles) and 420C(1･5 hou rs
expo su re, squ a r es) w e re ex amined for poly(U) dir ected 【
3H]phe nylalanine
inc orporatio nasin(G). 100% = 5,058cpm in6LILoftotalreaction mixture30トLL
(clo s ed cir cle at30min). clo s ed symbols, withte mplate; ope n symbols, without
templa te.
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Fig･ 21 Ribo s o me sof LJ14 keptat the no n-pe rmissiv ete mperattlr ear eC apable
of dis s ociatio ninto s uh nits. S30extra cts(2･O A260units)of LJ14(cir cle s)or
M C IO61(tria ngles)gro wn at28oC(ope nsymbols)or expo sedto 42
0C fo rl･5
hou rs (clo s ed symbols) w ere suspended in a buffer containing vario u s
conc e ntratio n s of Mg
2'ion and inc ubatedat30oC for7 min ute s･ T he s edim entatio n
patte rn of the ribo s o m e sw as a n alyzed by 15-30 %s u cro s egradient
ultra c entri fugation(S W 50.I orp55ST-2, 40,000rpm , 2･5hours, 4
oC)in a buffer
containingcorrespondingc onc e ntratio n s of Mg
2＋ion . (A)Ribo s om epatter n sin the
S30e xtractof LJ14expo sedto42
oC fo rl･5 ho urs atl･5, 1,l･5,3, 3･5, 4, 5, 10, 15
mM Mg
2'
a re represented. Sedim e ntatio nis fro mleftto right･ Peaks of 30S, 50S
s ubu nits and 70S ribo s o me areindicated.(B)Pe rc e ntages of 70Sri bo s ome relativ e
to totalriboso m es(70Splus30S and 5 0Ss ubu nits) w e reploted againsttbe 丘n al
co nc e ntratio ns of Mg
2＋ion ･
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Bujfer s
T hefollo wingbuffers were u s ed;
BuHe r B D l[100mM Tris- Cl, pH 7.6, 10 mM MgS O4, 3 m M K Cl, I mM
dithiothr eitol(DT T)andvario u sco n centratio n s ofN払Cl]
BuHe rB D 2(100m M T ris-Cl, pH 7.6, 20mM MgS O4, 3 m M K Cl,1 m M D T Tand
v ario u s c onc entration s of N H4Cl)
BuHer B D 3(10 mM Tds- Cl, pH 7.6, 3 0mM K Cl, 1 mM D T Ta nd various
con centratio n sof MgS O4)
BuHerB D 4[20 mM Tris- Cl, pH 7.4,10mM Mg(OAc)2, 25mM K Cl]
BuHerB D 5[20 mM Tris- Cl,pH 7.4, 10m M Mg(O Ac)2, 25mM K Cl]
BuHe rB D 6(50mM Tri告- Cl,pH 7.6, 10mM MgS O4, 13mM N H4Cl,18m M K Cl,1
m M D T T)
BuUerB D 7(60mM T ris-Cl,pH 7.6,15m M MgS O4, 20mM K Cl,10m M N H4Cl, 1
mM D T T)
BuHe rJ[10 m M Tris- Cl, pH 7.6, 10m M MgS O4, 50 mM N H4Cl, 6 m M β-
m er c apto ethan ol(β-ME)]
BuHerJ2(10mM Tris- Cl, pH7.6,10mM MgS O4, 50m M N H4Cl,I m M D T T)
BuHerJ3(ll.I mM Tris-Cl, pH 7.6, ll.1 mM MgS O4, 55･6 m M N H4Cl, l･l mM
D T T)
BufgTerJ4(10mM Tris- Cl,pH 7.6,10mM MgS O4, 50rnM N H4Cl,0･5 mM D T)
BujrerJ20(10m M T ris-Cl,pH 7.6, 20m M MgS O4,50mM N H4Cl, 6 m MP- ME)
Bujfer O N P G[60mM K2H P O4, 30mM K H2P O4, 8 m M (N H4)2S O4, 2 m M Na-
citrate]
Buj?fe rP[25mM Tris- Cl,pH 7.6, 14.7 mM Mg(O Ac)2,54mM N H4Cl, 18m M K Cl,
85
0.6 m M D T T
,
2.8 mM β- M E]
BujrerR(10mM Tris-Cl, pH 7.4,8.2 mM MgS O4, 80mM N H4Cl,0･14 mM D T T)
Bujre rRS[10m M T ris-Cl, pH 7.8, 10mM Mg(O Ac)2,6 mMβ - M E]
BufferSS(500mM su cro se,100mM Tris-ClpH 8･0, loomM NaCl)
Bujre rW M(10m M T ris- Cl,pH 7.4,80m M N H4Cl,O1 4mM D T T)
S30 b乙LHe r[10mM Tris-Cl, pH 7.6, 10mM Mg(O Ac)2,3 0mM K Cl,6 mM β- ME]
TrisMgbuHer[10mM Tris- Cl,pH 7･6,10mM Mg(O Ac)2]
BuHe rZ[60m M Na2H P O4, 40mM NaH P O4, PH 7･0, 10mM KCl,I rnM MgS O4,
50mMβ- M E〕
Ba ctel･t
'
aLstrains andpla s mids
M C IO61[F
-
wildtypefrraraD 139(ara-1eu)7679(1a cIP O ZY A)Ⅹ74galUga艦
hsd R2m crBlrpsL(Sm
r
)ヨand LJ14(M CIO61, tempe rature -sensitiv efrr)a re 舟o m(51)･
M CIO61 AぎSrA and LJ14 Ass rA w e re co nstructed by PIphage tr ansdu ctio n 鉦o m
W 3I10 Assy (165). Deletion ofthe ssrA gene(ge n ecodingfortmR N A)w asveri fied
byP C Ramplific atio n ofgen o mic D N A･ In the Ays rA m utants,
-10pr o m oter andtw o-
th irds ofs srA ge ne ar edeleted and replaced bykan aJnyCln resista ntgen e･ Ithasbee n
reported that deletio n mutatio n of this regio n C auses n On dete ctable expr essio n of
tmR N Atothehostc ell(165,168).
PlasmidpK W 24(177) which e nc odes His6- m utant t mR N Aandtetra cycline
resistant, w as kindly supplied by Dr. R.T. Sau er (Mass a chus etts hstitute of
Te chn ology). Plas midplOSa(165), which e n c odes wildtypetmR N Aand ampicillin
r esist ant, w askindlysupplied byDr. H. hoku chi(KyotoUniversity)･ Plas midpP E N 907
(51), e n c odes wildtypefr r u nde ritsprom ote rand chlor amphe nicolre sista nt･ Plasmid
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pPE N 2363(51) e n c ode s
'lacZ u nder Pla c pro m oter with the follo wingju n ctio n
sequ en c e･ Theter min ation c odon(聖迫)is at the 14thtriplet of AT Gand isin- 鉦a m e
withthedo w nstr ea m 'la cZ.
(ppE N 2363)
PJa c- S D- ^ T G- 36n u clcotidcs - T A G- 39n u clc otidcs - 馳 由由
`
la cZ
Isolation ofpo[ysom e
Polyso m e w a sprepa red fr o mgro wingE. c oltQ13c ells es sentiallyasdes cribed
in(1l,201)withthefollowing m odific ations. E. coltQ13c ells w eregr ow ninL Bm edia
(0.5-I.0 L)to0.8-l.0 0 D540, a ndtetracycline wasaddedto afinalc o n c e ntratio n of 300
pM . Cellc ulture w as shake nfor30sec andquicklychilled byaddingthe equ alvolu m e
of c ru shed ic edire ctly. Cells w ereharvested by ce ntri fugatio n at 7,000A g fo r20
minutes at4 0c. T he c ellpellet w as s u spended in90mL of bu＋erSS(500mM sucr o se,
100mM Tris- CIpH 8.0, 100mM NaCl)co ntainingtetra cycline(300pM). E DTA(氏nal
lOmM) and lys oz yme(fin al 200い･g/m L)w ere the n added. A 鮎rinc ubation onicefor
15 min utes, MgS O4(fin al 10m M)w as added and c e ntri fuged atll,000Ⅹ g for10
minute s at4 oCto colle ct spher oplasts. Thepellet w as suspe nded in 9 mL of bunerJ3
(ll.l m M T ris- Cl, pH 7.6, 1l･l mM MgS O4, 55･6 mM N H4Cl, I.i m M D T T)
c o ntainingtetra cyelin e(300トLM), the nlmL of 5 % B rij58(fln al 0.5 %)w as added･ A 鮎r
thein cubation on ic efor 30minutes withgently shaking, the high- vis c osityof the
su spen sio n w as checkedto m ake su re that the cells w ere disrupted･ T hen, D Na seI
(R Nase 一 缶e e)w asaddedto afinalc o ncentration of looLLg/mL. Celldebris w as rem o v ed
by c e ntri fugation atll,00 冗 gfo r10min utes at4
oC and the supe m atant w a spas sed
thro ugh a･Sephar o se4 Bc olu m n, w hich w a s equilibrated with BuHe rJ2(10m M T ris-Cl,
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pH 7.6, 10m M MgSO4, 50mM N H.4Cl, I mM D T T). Frac tio ns w e recolle cted(60
dr ops/fr action or2 minutes/fractio n)andthe A260W as m e a S ured･ Thefirst n arr ow peak
(e.g. fraction number3 ト40th for 60 drops/fraction o rfraction nu mber 42-50th fo r2
min utes/触 ctio n) contains m o stly polyso m es, while the se co nd wide peak c ontain s
m ostly 70S ri bos om es, 50Sand 30Ssubunits a nd le sspolysom es. T he ri bo s o m al
distributio ninthefractio ns c orre spondingtothefirstpeak were analyzed bythelin e ar
su cro segradient centrifugation[15-30% s u cr o s ein4.5 mLof BuIWerJ4(10m M T ris-Cl,
pH 7.6, 10 m M MgS O4, 50m M NH4Cl, 0.5 mM D TT), 195,000A g(p55S ST-2 or
S W 50.1
,
40
,
000rpm)for75minute s, 4
0c]a ndthe A254 m e asurement Witha nIS C O
U A･6 spe ctro meter (c ell le ngth 5m m) o rthe A260 m e a sure ment Of a ma n u ally
fra ctionateds ample･ Fr actio n s c ontaining polys o m e s w ere c olle cted and keptat
-80Oc･
Isolatio nofcy ude a a-LR N AsynLheta sc
Crude aa-tR N Asynthetas e w asis olated asdes cribed(202). S3 0e xtra ct of E.
c oliQ13cellprepa reda sdescribed in
”Isolation ofS30extr aci
”
w a sfurthe r c e ntrifuged
at150,000冗 gfor1hou r at4
oC. T he supem atant w asdilutedto12mg/mL with buHe r
RS[10mM T ris- Cl, pH 7.8, 10mM Mg(Ac)2, 6 mMβ - M E]a nd wa splacedo nic efor
20min ute sin the pre se n c eof 0.5 % streptomycin to precipitate endoge noustR N A･
A 鮎r the centri fugation at15,000x gfor15 minutes at4
oC
, protamin sulfate was
addedtothe s upe rnatantat0.05 %and furthercentri fuged at15,000Agfo r10minute s
at4
o
C. The a m onium sulfateprecipitate ofthe supern atan tw astake nbetw e n 3 0
-46
%, andr es uspe nded with buHe rR SFlom M T ris-Cl, pH 7･8, 10mM Mg(Ac)2, 6r nMβ
+ 止E]. The c rude aa -tR N Asyntheta s ew a s obtain ed by dialysis of the s u spension
again st400Ⅹ vol ume ofbujferR S[10mM T ris-Cl, pH 7･8,10mM Mg(Ac)2, 6 m Mβ -
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M E】twice.
Pu rLJication ofR R F
Nativ e R RFw a spuri fied fr o m a n ov er-producing strain, D H5α/pR R2(24)
es sentially asdescribed in(10)ex c ept that, i)C M-Sephadex c olum n chr om atography
step w as o mitted, ii)Sepbadex G-100(c olum n2.5 冗 40cm) w as u sed in stead of
Sephade xG-50,iii)the order ofpurificatio n steps w as cha nged(a s a m m o niu m s ulfate
pre cipitation - > D E A 正一 cellulo se chro matography - > Sephadex G-loogel filtratio n
- >
CM -cellulo se c olu m n chro matogr aphy), iv)the pe ak 丘actio n s c o ntaining R RF w ere
co nc entrated by Centripr ep10(M illipor e, Amic o n)at e a ch step, a nd v)the purity of
RR F inthe fractions ofchr o m atography w aschecked by12or 13･5 % S D S
･PA G E･
Puri fied R AF w as stored inBuHe rJ(10m M T ris- Cl, pH 7･6, 10mM MgS O4, 50mM
N fhCl,6 mMβ- M E)aト80
Oc.
Pu njic atio n ofE F- a
Native EF- G w as purified from an o v e r-producing str ain, J M 83/PE C E G
essentially asdescri bed in(203,204)exceptthati)c ells w e redis rupted by grinding with
a2.5-foldw eight of alumin a(S工G M A)at4
0c
,
ii)the pe ak fra ctio nco ntainingE F- G
w e reco nc entrated bythe Ce ntriprep afterthe colu m chro matogr aphy and iii)E F- G in
the 丘actions ofcolum n chrom atography w as checked by10% S O S
-PA G E･ P mi {1ed EF-
G w as stored in Bu/gTe rJ(10m M Tris- Cl, pH 7･6, 10mM MgS O4, 50mM N H4Cl, 6
mMβ- M E)at - 80
o
C.
89
Rele a s e ofm RN Afr o mthe modelpost-te r min atio n c o mple x
Releas e of mR N A fr om puro mycin-tre ated polys o m ew a s ex a mined as
described in(47). Polys o m e(0.5 - 1.6 A260 u nits)is olated from tetracyclin e-tre ated E･
coltQ13c ellw a sin c ubated with R R F,EF-q G T P(0.37mM)a ndpur omycin(275pM)
in 275pL of buHerR(10mM Tris- Cl, pH 7.4, 8･2 mM MgS O4, 80m M N H4Cl, 0･14
mM D T T)at 30
oC for15 minutes. Sedim e nt atio nprofile s ofthe ri bo s o m eand
re maining polys o m ein s u cro s ede nsity gradient c e ntrifugation [15-30 %s u cr o se in
buHe rR(10mM T ris-Cl, pH 7 A, 8.2 mM MgS O4, 80 m M N H4Cl, 0･14mM D T T);
p55ST-2 orS W 50.I, 40,000rpm , 75min ute s, 4
oC] w ere analyz ed eitherby the A254
m e a s ur em e nt witha n工S C O U A Jspectro m et r(cell le ngth 5m m) o rby the A260
m e as ure m e nt of a m anuallyfra ctio n ated s a mple. The c o n v ersio n w as e xpres sed by
m eas un ngthe are a c orre spondingtothe70S riboso m e a ndcalc ulatingtheperc e ntage of
the total am o u nt of ribo s o mes including re sidu al polyso mes before and after the
rea ction. W hereindic ated,IF3a spreparedac cordingto(153)was added･
Rele ase ofLR N AjTr o mthe m odeLpo st-te - itzaLio n comple x
Release oftR N A from the m odelpo st-ter min atio nco mplex wa s e xamined as
described in(47)withm odiflC atio n sasfollow s. Polys om e(0･6-l･8 A260units)is olated
fro m tetracycline-treated E, coltQ13cellw asin cubated with R A F, E F
-ら G TP(0･37
mM)a ndpu ro mycin(275トLM)in550pLof bujfTe rR(10m M Tris- Cl, pH 7･4,8･2 m M
MgS O4, 80m M N H4Cl, 0.14 m M D TT)at30
oC f♭r15minutes･ The r eleasedtR N A
w as sepa rated &o m the ri bo so mal c o mple x either by nitroc ellulo se m embrane
(M illipore, adiam ete rof 13m m)orbyM icroconlOO filtration(Millipore,330xg)･ The
ri boso m e -bou nd filter was w ashed onc e m ore by550pL of buj7Te rR(10m M T ris-Cl,
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pH 7.4, 8.2 mM MgS O4, 80mM N H4Cl, 0.14 m M D T T) andthe w ash w as combin ed
wi ththe first elute. Rele a sed tR N Athus obtain ed w as c o n c e ntr atio n either by
M ic r o c onlO filtratio n(M illipore, 14,000xg)orbyetha n olpr ecipitation with 20トLgOf
s alm o nte stisD N Aa s a c a rrie
,
andthe c o ncentr atedtR N Aw as a min o a cylated with 0.15
LLCiof[
I4c]a min o a cid mixtu re(Am ersh am, C F B25)acc ordingto(202). T he c old(4
oC)trichloro a cetic acid-ins oluble radio activitythu sfo r m ed w asregarded as a mixture of
[
14c]a a-tR N A(【
14c]-A A-tR N A
m lX
)fo r m ed fro mde a cylatedtR N Ar ele a sed 舟o mthe
m odelpo st-termin atio nc omplex.
To obtain the value oftotaltR N A bou nd to the m odel posトtermination
c o mplex, polys o m e w asin c ubated with 275トLM puro mycinin buB＋e rR(10m M Tris- Cl,
pH 7.4, 8.2 mM MgS O4, 80mM N H4Cl,0.14mM D TT)at30
oC for8 minutes
,
a nd
furtherincubatedinthepresence of 18.5 mM E D T A for7 min utes･ Rele asedtR N Awas
s eparated a nd【
14
c]a min o acylated asdesc ribed abo ve e xcept也at也e 別ter w as wa shed
with bujrer WM (10m M Tris-Cl, pH 7.4, 80mM N H4Cl, 0･14mM D T T)･ The ex a ct
am ount ofr ele as edtR N Acouldno tbe estim ated, be c au se n eithe rthe, pre cisespecific
activity ofc orrm ercially available [
-4c]a mino a cids mixtu re no rthe purity of the
co m mer cial de a cylatedtR NA mixtu re w askn ow n.
Bt
'
ndL
'
ng of鹿足Fto n
'
boso m es
Washed ribo s o mes w ere prepar ed 丘om A c olt Q13or M R E600cells as
descri bed in(205). Ribosom alsubunits w er eprepared a sdescribed in(206)･ RA F(1
pM, or other wis espe cified)w asinc ubated with ri bosom es(0･2pM)in buffe r(indic ated
in each figu relege nd, 40o r50pL)at30
Oc for10min･ The mixtu re w as applied onto
M ic roco nlOO(M illipo re)and c entri fuged fo r5 min u tes at3,000冗g･ T he mic ro-spin
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c olurr m wa s washed with 200pL ofthe sam ebuffe rby c e ntri fugatio n at3,000x gfo r
12minutes･ T he w ashing w asrepeatedagain. The n, 15い.L ofthe s a m ebuffer was added
o nthefilter andthe c olu mn wasinve rted afterI min uteinc ubatio natro o mte mpe rature･
The ribo s o m e-bou nd R Nw as recov er edbyc entrifugatio n(1 minute,3,000xg)ofthe
in vertedc olu m n, and w a s measu red bythe w este m blot withrabbit antiseru magain stE･
coltR RF(I:15,000 diluto n)co mpared with kn ow n am ounts of R RFa s sta ndards.
Labeling ofdeacylatedtR N A
11･5 n m oloftotaltR N A(Sigm a)w a s5
'
-end-labeled with35s byin c ubatingthe
tR N A wi th 20u nits of T4polyn u cleo tide kin a se(GIB C O/B R L) and lOOトLCi
【
35
s]ATPyS(Sigm a; >1000 Ci/m m ol)fo r20min ute sat35
0c in atotal voltm e of 25
LLL. T hen ED TAw as addedto a final co n c e ntration of 5mM and the tR N Aw a s
ex tracted o n c e with equ al volum e s ofphe nol:chlo rofo rm and o n c ewith chlo r oform .
Afterthe additon of K Acto afinalco nc e ntratio nof 0.3 M ,thetRN Aw aspre cipitated
with 2vol. ofethan ol
,
recovered andre suspended in loopL of 10 mM Tris-H Cl(pH
7･5). ThetR N Aw aslabeled ata spe cific activityof -2975cpm perpm ol.
B indit2g Of (
uC)Phe-tR N A, N AcF4c]phe-tR N A,d5s)Met-1R N AfWet a ,,dfWs)tR N APhe
to ribos om es
The m ethods for the binding of[
]4c]p he-tR N A(Fig. 4), N Ac[
14
c]phe-tR N A
(Fig. 6Aa nd B),f[
35s]Met-tR N A(Fig. 6 C) and[
35s]tR N A
Phc
(Fig. 7) w er e esse ntially
the sam e asin(207). B riefly, the re actio n mixture(indicated in figu relegends) w as
in c ubated fo r10minute s at3 00c follow ed by5 min ute so nic e. The mixtu r e w as then
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filte red through nitro cellulo sefilte r. T he ri bo s o me -bound tR N Ao n the filter w as
co unted in a scintillatio n counter.
M ethiotu
.
n e, u ridin e a ndthymidin einc orpor ationin vivo
ln the e xperim entin Fig.12, LJ14and M CIO61w eregrow n o v e might at28
0c
in M 9minim al m edia(208)supplem e nted with 0.2 %(w/v)gluco se, 1トLg/mLthiamine
and 50い･g Ofe ach ofthe19amin o a cids(min us m ethio nin e)/mL Cells we redilutedto
0.O1 0 D540 a nd div ded into eight1.7 mL aliqu ots(n amed Athr o ugh H). T hey w e re
gr ow n at28
oC for3 hou rs(LJ14)or 2.5 hou rs(M CIO61)until 0 D54 0re ached 0.03.
T hen
,
mixture s of m ethionine(20pM), uridin e(300pM)andthymidine(200トLM)w er e
added. Totubes A a nd B[
35s]m ethio nine(250pCi/LLm Ol)w as added(8.5pCiper1.7
mLc ulture),totubesC and D[
3
H]uri dine(26.3LICi/um ol)was added(13.4pCiper1.7
mL culture), andtotubesE a nd F[
3H]thymidin e(39.5LICi小m ol)w as added(13.4pCi
pe rI.7 mL c ulture). h tubes G and H, methionine, uri din e and thymidin e w ere
unlabeled. Cold(C, D, B and F)and hot(A and B)T C A in soluble radioa ctivityof the50
pLculture w asdete rmin ed, andthe optical den sityat540n皿 WaS m e asu red intubesG
a nd H.
h the experim entde s cri bed in Fig･ 14 Aand B, LJ14w asgr ow nin minim al
m edia (des cribed abov e) until O D5..re a ched 0.25. Then [
35s]m ethionine (4l.5
pCi/pm ol)w asaddedtoafinal con c entration of 200pM(12･5トLCiperl･5 mLculture)I
HotT C A ins oluble radio activityofthe3 0pL cultu reand optic al de nsityof the culture
at540nm weredeter mined.
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We ster nblot
Cellsin 1 mL ofO･2 0 D540Cul仙re wer ehaⅣ ested andthe totalprotein w a s
pr e cIPltated by10 % TCA･ Extr a cts wer elo aded o n13.5 % S O S-PA G E
,
blotted o nto
P V DFm e mbrane and R AFw as dete cted by rabbit a ntis e ru magal n St E･ colt R R E
(I:15,000 dilutons)I To dete ct tmR N A･His6taggedprotein s, proteins w erelo adedo n a
10- 20 %gradient-S O S-P A G E,blotted o nto PVD Fm e mbra ne and detected bypartially
purifiedr abbita ntibodyagain stHis6-tag(AfrlnityBio re age ntsln c).
Rt
'
bo s o m eprojile aJ7a(ysis
Cells w e retre ated with lOO帽/mL ofchlor amphenic ol(C M)for3 0se co nds
thenqtlicklychilled･ Celle xtract w asprepar ede s sentially asdescribed in(201)with the
following m odific ation s･ Cellpellets w ere suspe nded in4.5 mL ofbuHe rSS(500m M
sucro s e
,
100m M T 也s- Cl･ pH 8･0, 100mM NaCl)containing100pg/mL C M. E D TA
(fin al 10mM)and lys oz yme(final 100トLg/mL)w e rethen added. A 鮎rincubation o n
icefor10min utes, MgS O4(final 10m M)w as added and c entri fuged for10min utestd
colle ctspheropla sts･ The pellet w as suspe nded in450pLofbuPerJ2(10m M Tris- Cl,
pH 7･6, 10mM MgS O4,
.
50mM N H4Cl, 1 mM D TT)c ontaining50LLg/mL D NaseI
(R Nase -free) andloopg/mL of C M. The n50pL of 5 % B rij58w er e addedto dis rupt
the c e11s･ Cell debris w a s r em ovedbycentri fugatio nfor10minutes at12,000A g. The
supem atant w aslayered o nto 4.5 mL ofa15-30 % linea rs ucros egradie ntin bujre rJ4
(10m M T ris-CIpH 7.6, 10mM MgS O4, 50m M N H4Cl, and 0.5 mM D T T). T he
su crose gr adients w ere ce ntri fuged at195,000Ag(p55S T-2 o rS W 50.1, 40,000rpm ,)
for75min ute s. To analyz etheri bosom alsedim entatio npatte m , theA254W as m easu red
by anlS C O U A-6spe ctr ophoto m eter o rthe A260Wa s mea su red m a n ua y.
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IsoLatL
'
o n ofS30extyact
Cells(I litter, mid-log phas e c ult re) w e requickly chilled and ha rv estedby
centri fugatio n at5,000x gfor10min utes at4
oC･ The cellpelletw as w ashedin40 mL
of TrisMgbu/gTer[10mM Tris-CIpH 7.6, 10mM Mg(O Ac)2]. The cellpellet w as
w eighed a nd dis rupted bygrinding witha2.5-foldw eightofalumin a(SIG M A)at4
0c.
T he mixtu r e wa s s u spended in al･5-foldweightof Tris- Mgbujre r[10mM T ris- Cl, pH
7･6, 10m M Mg(O Ac)2]containing5 帽/mLofDNasel(R Nase -fr e e)a nd centri fuged at
17
,
000Ⅹgfor10 minute s at4
0c. The s upem ata nt w a stake n andβ- M Ewas addedto a
finalco n centration at6 mM ･ T he extra ct w as c e ntri fugedat30,000Agfo r30 minutes
a nd the supem ata nt wasdialyz ed againstS30 bufgTe r[10m M Tris-CIpH 7.6, 10mM
Mg(O Ac)2, 30mM K Cl, 6 mM β- M E]twice. Fo rpreparatio n ofS3 0extract of LJ14
e xpo s edto 42
0c for20 minute s(se eFig. 18), c ells(500 mL)w ereheated in25tube s
(20mL ea ch)the nco mbined for furtheris olation of the extract to raise the c ulture
te mpera山re e脆 ctiv ely.
CelZff･e etra nSlatio tzpr ogr a m m edわ'M S2 R N Ao rpoly(U)
S30(0.6 A260 units)e xtr act w asincubated with 100pM each of 19amino a cids
(minus m ethio nine),20pm olof[
35s]m ethionine[1.2pCi/pm ol(Fig. 20A, B, C, D)o r
0.08トLCi/pm ol(Fig. 20 E)】, and 12plof S3 0pr e mixtu re(Pro mega)in atotal of 30トLL
in thepres en c e o rabs enc e of 2.4い･g Of M S2phage R N A(Boehringer M a mieim)at30
oC. HotT C A in s oluble radioactivity wa s m easu r ed. Forpoly(U)-pr ogra mm ed fo rm atio n
ofpolyphe nylalanine(Fig. 20 Gand H), S3 0(0.6 A260U)w asincubated with 30けM
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[
3
H]phe nylalanin e(0･33pCi/n mol),114 mg/mLtR N A
m x
(Sigm a),10m M P hosphoen oト
p ymv ate,16･7トLg/mL PEP kinase,3･4 mM A rP, and i.6 mM G T P in3 0pL bujferP[25
mM Tris- Cl
, pH 7･6, 14･7 m M Mg(O Ac)2, 54mM N H4Cl, 18m M K Cl,0.6 mM D T T,
2･8 mM β- M E]in the pres e n ce or absen c e of 10pgofpoly(U)at30
oC. HotT C A
ins oluble radio activity w as meas ured.
Tram slatz
'
of2 r e-in I
.
tiatiot2 assay
The tra n slatio n re -initiatio n w asas ayed as de scribed in (51) with a litle
m odific ado n･ Cellpellets were res u spe nded in lmL of buHerZ[60mM Na2HP O4, 40
mM NaH P O4, pH 7･0, 10m M K Cl, 1 m M MgS O4, 50mM β- M E], and 90トLL of
chlorofo r m and 45pL of lO% S O Sw e re added to obtain the cellextra ct. T he cell
e xtra ct w a spre-in cubated at 28
oC for5 min ute s
,
and 200pL of O N P G(ortho-
nitrophe ny岬 -galacto sidas e, Sigm a)in bujre r O N P G[60 mM K2H P O4, 30 mM
K H2P O4, 8 niM(N H4)2S O4, 2 m M Na-citrate] w asthen added. Followingtheincubated
at28Oc u ntilitshow sdetectableyello w col r, the nl･5mL of l M Na2C O3 W as addedto
stopthe re action. The A420W as m eas uredandtheβ-galacto sidase a ctivity w as e xpressed
as miller units usingthe equationsde scribed(208).
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